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Abstract 
Five different oleochemical feedstocks were used to design technological schemes 
for the manufacture of added value products. Multiproduct biorefineries were 
proven as the most efficient and sustainable designs. In addition, it was found how 
mass and heat integration strategies complemented with biomass fired 
cogeneration systems are able to increase the overall performance of biorefineries 
provided heat, power and materials. The biorefineries designed were also 
economically, environmentally and social assessed, according to their production 
features. Thus, it can be stated that proposed configurations are able to support the 
development of Oleochemical industry in Colombia providing sustainable 
alternatives, which supply a growing demand of biodiesel and other oleochemical 
derivatives. In addition, two tools (BIOTA and ExACT-BIOTA) were developed 
aimed to provide information, regarding to techno-economical aspects and 
environmental aspects of biofuels life cycles.  
 
Keywords: Oilseed, Biorefineries, Economic Analysis, Process Integration  
Resumen 
Cinco materias primas oleoquímicas diferentes, fueron usadas para el diseño de 
esquemas tecnológicos para la manufactura de productos de alto valor agregado. 
Configuraciones tipo biorefinerias multi-producto fueron comprobadas como los 
diseños más eficientes y sostenibles. Además, se encontró como estrategias de 
integración másica y energética, complementadas con sistemas de cogeneración 
basados en residuos, aumentan el desempeño global de las biorefinerias 
proveyendo calor, electricidad y productos adicionales.  Los esquemas diseñados 
fueron analizados desde punto de vista económico, ambiental y social, de acuerdo 
a sus características particulares. Las alternativas diseñadas son aptas para 
soportar el desarrollo de la industria oleoquímica en Colombia y suplir la creciente 
demanda de biodiesel y otros productos de valor agregado. Adicionalmente, se 
desarrollaron dos herramientas de cálculo (BIOTA y EXACT-BIOTA), que permiten 
realizar estimaciones rápidas del desempeño tecno-económico y ambiental en los 
ciclos de vida de biocombustibles. 
 
Palabras Clave: Oleaginosas, Biorefinerias, Análisis Económico, Integración de 
Procesos 
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CHAPTER 1   
 INTRODUCTION 
____________________________________ 
1. Introduction 
1.1 Application field and motivation 
Each country has its own local oleochemical feedstocks. They are selected based 
on factors such as local adaptation to ago-ecologic and geographical conditions, 
international price and local relation offer-demand. Oleochemical industry in 
Colombia started during 1930's decade. At that time, this sector was dominated by 
peanut, sesame, cottonseed, coconut, babasú and lard. These feedstocks were 
mainly used as feedstocks of an edible oleochemical industry. Few decades later 
soybean was established as a meal source. Then, oil palm was introduced at 
1970's decade. However, at beginning of 1990's decade the oil palm crop was 
turned into main oleochemical feedstock mainly due to a drop in sesame seed, 
cottonseed and soybean production (Martínez, 2006). This tendency has continued 
during last years as can be seen in Table 1-1. 
 
Table 1-1 Production of Main Oilseeds in Colombia 2008-2010 
Production (Ton/year) 2008 2009 2010 
Cottonseed 35,000 32,000 30,000 
Peanuts 2,634 3,852 3,716 
Maize 1,726,550 1,636,640 1,536,290 
Oil palm fruit 3,200,000 3,200,000 3,200,000 
Seed cotton 76,603 70,926 35,639 
Sesame seed 3,000 3,000 2,000 
Soybeans 56,200 59,400 54,207 
Source: FAOSTAT, 2012 
 
Today, oil palm is the most important oleochemical feedstock in Colombia by yield, 
harvested area and production. Moreover, this product is the only who has kept a 
constant production rate during last 10 years. Oil palm is also the crop with the 
highest yield in Colombia, according to FAOSTAT data, in 2010 per each hectare 
harvested 19.29 Ton of fruit were obtained. This value is higher than 2.23 ton per 
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ha obtained of soybean or 0.8 ton per ha obtained of cotton seed, showing the high 
potential of this oleochemical feedstock in Colombia (FAOSTAT, 2012a). Other 
important oilseeds planted in Colombia are soybean, sesame seed and cottonseed. 
In 2010, these oilseed feedstocks along with oil palm had a combined harvested 
area of 249,796 Ha, where 66% belongs to oil palm, 18% cottonseed, 10% 
soybeans and remaining part to sesame seed and groundnuts (see Fig. 1-1). Maize 
has also a high planted area (400,000 Tons), but in Colombia maize oil production 
is low, being mostly imported from the United States; consequently, its participation 
on the oleochemical chain is low. 
 
Source: FAOSTAT, 2012 
Fig. 1-1 Share of harvested area of main oleochemical feedstocks in Colombia 2010 
 
Regardless of high production rates of oil palm in Colombia, this feedstock is not 
able to cover the full requirements of oleochemical industry in Colombia, mainly 
because of the increasing demand of palm oil from biodiesel industry and the 
requirements of high nutritional oils such soybean and sunflower oil from cooking 
and salad oil industries. Consequently, the internal market must be completed 
importing seeds, crude and refined vegetable oils.  
 
The trade balance of oleochemical feedstocks in Colombia can be analyzed 
according to the ratio importation/local production. The Fig. 1-2 shows ratios for 
groups of oleochemical feedstocks including seeds and vegetable oils. Thus, a 
value labeled olives is including both olives fruits and olives oil. These values 
indicate how in Colombia most of the current consumption of oleochemical 
feedstocks must be imported, in order to supply different market requirements. In 
this sense soybean (77%), groundnuts (88%) and olives (98%) have the main 
shortfall in Colombian market, requiring the highest importation rates. Conversely, 
oil palm, cottonseed, and sesame seed are the oilseed feedstocks with the highest 
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production rates, although last two have foremost uses different than vegetable oil 
or oleochemical derivatives production. 
 
 
Fig. 1-2 Share of oleochemical feedstocks importations at 2010, adapted from: DIAN, 2012 
 
The oleochemical sector has been growing during last decade as the effect on the 
development of the  biodiesel industry and the increase on demand of 
petrochemical substitutes and specialty fats (as cocoa butter substitutive and 
margarines) (FEDEPALMA, 2011). However, this growing has not been supported 
but a balanced increasing in oleochemical feedstocks production. As a result today, 
most of oleochemical infrastructure in Colombia is addressed to palm oil 
processing at different levels, including planting, extraction, refining and marketing. 
Indeed, in Colombia most of extraction plants are almost exclusively dedicated to 
palm and palm kernel oil production. These plants are located closely to plantation 
sites of oil palm due to fresh fruit bunches harvested are rapidly discomposed. 
Meanwhile, other oleochemical feedstocks are imported to cover national 
requirements as seeds, crude oil and refined oils. In this sense, soybean and 
sunflowers despite be planted in low rates in Colombia are who contributes most to 
importation rates and the importation values of their refined oil has been increased 
a 26% since 2007 (ATKEARNEY, 2010).  
1.2 Problem Definition 
According to DNP (Dirección Nacional de Planeación) (DNP, 2004), the current 
location of oleochemical industries in Colombia is featured by two main factors. 
First, high geographical dispersion of plant sites, even departments without oilseed 
crops or fats sources have refining plants within its territory. Second, it is related to 
the relationship between geographical location and local specializations of 
industrial producers. Thus, plants located at the southern region are addressed to 
manufacturer products such as oilseed meals used as animal feed, recovered fatty 
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acids used in soap industry and cooking and salad oils prepared from refined oils, 
while those located at the northern region are specialized in biodiesel production 
(see Table 1.2). However, this situation might change during next decade due to 
the increasing on biodiesel production by effect of a change biodiesel blending 
levels in Colombia.  
Table 1-2 Main Oleochemical companies in Colombia 
Company Name Head Quarter 
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Palmeras de la Costa S.A-Biocombustibles 
Sostenibles  del Caribe   
Barranquilla, Atlántico 340 x x           x  
 
Oleoflores Ltda. Barranquilla, Atlántico N.D. x x               
Fabricas Unidas de Aceites y Grasas 
Vegetales S.A. 
Barranquilla, Atlántico 209   x               
Grasas y Derivados S.A. Barranquilla, Atlántico 293   x               
Grasas y Aceites Vegetales S.A. Barranquilla; Atlántico 672   x     x x x x   
Ecodiesel de Colombia    Barrancabermeja, Santander N.D.   x               
Industrial Agraria la Palma LTDA (Indupalma 
) 
Bogotá, Cundinamarca 367 x             x   
Oleaginosas de Colombia LTDA Bogotá, Cundinamarca N.D. x             x   
Odin Grupo de Energia S.A. Bogotá, Cundinamarca N.D.   x   x         x 
Acepalma S A Bogotá, Cundinamarca 24 x x x x         x 
Aceites y Grasas Vegetales S.A Acegrasas Bogotá, Cundinamarca 118   x         x x   
Sociedad Industrial de Grasas Vegetales S A Bogotá, Cundinamarca 125   x x x     x   x 
Duquesa S A Bogotá, Cundinamarca 152   x x x     x     
Oleaginosas San Marcos Ltda Bogotá, Cundinamarca N.D.  x x x x     x     
Oleaginosas Santana Bogotá, Cundinamarca N.D.  x x x x     x     
Oleaginosas del Ocoa S.A. Bogotá, Cundinamarca N.D. x x x x     x     
Oleaginosas las Brisas S.A. Bucaramanga, Santander N.D.   x x x     x     
Palmas Oleaginosas Bucarelia S.A Bucaramanga, Santander N.D. x   x       x     
Palmas Oleaginosas de Santander S.A. Bucaramanga, Santander N.D.  x x x x     x     
Concentrados S.A. Buga, Valle 142   x x x     x     
Industrias del Maiz S.A Cali, Valle 701               x   
Fabrica Nacional de Grasas S.A. Cota, Cundinamarca 175               x   
Bio D   Facatativa, Cundinamarca 
 
                  
Grasas S.A Guadalajara de Buga, Valle 339   x x   x   x     
Aceites Manuelita S.A. Palmira, Valle 751   x x x     x     
Comercializadora Internacional Tequendama 
S.A. 
Santa Marta, Magdalena 643   x               
Source: (Super Sociedades, 2012; The Food World, 2012), N.D. (No Data) 
 
The DNP, via National Council of the Economical and Social Policies (CONPES), 
has indicated that the biodiesel demand until 2020 can be covered with B10 
blends, provided that current expansion policies be continued (Consejo Nacional 
de Política Económica y Social, 2008). Since 2020 is planned an expansion in 
biodiesel blendings from B10 to B20 (Infante & Tobón, 2010), this situation will 
increase the demand of this biofuel. Considering that biodiesel in Colombia is 
produced mainly from palm oil obtained from oil palm fruits, providing to palm oil 
producers with a profitable business with and stable and regulated market, with an 
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increasing demand due to blending mandates and growing internal diesel 
consumption. Consequently, this situation will require an expansion of palm oil 
production, but also it might affect the supply of other derivatives. As it was stated 
before other oleochemical feedstocks in Colombia are reducing their planted areas 
and the extraction plants are receiving mostly oil palm fruits. In this sense a lack of 
palm oil supplying would affect all the oleochemical chain requiring increasing the 
importations of oilseeds, crude oils, refined oils and oleochemical derivatives to 
supply the market. 
 
Under this general framework, it can be seen how it is necessary to provide 
sustainable alternatives to support the development of the Colombian oleochemical 
industry in order to be able to supply a growing demand of biodiesel, while the 
production of other oleochemical derivatives is still covered and promoted. In this 
sense, it is required to define technological schemes which allow an efficient use of 
Colombian oleochemical feedstocks. These processes must be able to sustainable 
generate added value products with positive profits as well as low environmental 
and social impacts. 
 
This thesis is aimed to provide with process alternatives for the diversification in 
the usage of five Colombian oleochemical feedstocks. In order to generate high 
level biodiesel production and other important oleochemical derivatives required by 
Colombian market.  Different technological schemes are analyzed, according to its 
context including agro-economic, techno-economic, environmental and social 
analysis, allowing obtaining sustainable designs. Thus, it can be expected that 
results of this work contribute to the oleochemical industry and rural development, 
increase the Colombian competitiveness. 
1.3 Hypothesis 
Given the above problem definition, the follow hypothesis can be established: 
"It is possible to obtain production routes, with good technical, economical, 
environmental and social performances based on Colombian oleochemical 
feedstocks"  
1.4 Thesis' objectives 
This thesis aims to design and analyze technological schemes for the efficient 
production of added value products from Colombian oleochemical feedstocks.  
These processes will be assessed from technical, economical, environmental and 
social points of view.  
 
Thus, the thesis proposal approved by the National University of Colombia 
contained the follow objectives: i) to analyze the agro-economic and extraction 
performances for selected oleochemical feedstocks. ii) to identify and select the 
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most promissory routes to obtain added value products from these feedstocks. iii) 
to design and simulate the selected technological schemes, and evaluate them 
considering their economic, environmental and social impacts. iv) to perform a 
comparison of ethanolysis and methanolysis routes for biodiesel production. 
 
Given the reach of this work three additional objectives were included in this thesis: 
v) To analyze mass and heat integration possibilities for designed schemes. vi) To 
design cogeneration system using extraction residues from oleochemical industry 
to provide heat and power to designed systems. vii) To analyze the supply chain of 
biodiesel industry in Colombia. 
1.5 Thesis' structure  
This thesis presents the results of different studies that have been already 
published or are under review for their publication. The thesis is accordingly divided 
into the following chapters: 
 
Chapter 2 - Oleochemical Feedstocks 
This chapter presents a review on potential tropical and subtropical oleochemical 
feedstocks which are used or potentially can be used to produce added value 
products in Colombia. There are included edible, non edible alternatives as well as 
waste cooking oils. All feedstock are described according to their agronomic 
requirements and main production features. The final part of this chapter describes 
technologies used for oil extraction and conditioning. 
 
Chapter 3 - Oleochemical Derivatives 
In this chapter different aspects related to oleochemical derivatives industry are 
summarized. First details of this industry in Colombia are presented. Then, main 
oleochemical derivatives and products are described. A special section for 
Biodiesel as main oleochemical derivative is included. Finally, three important 
concepts for this thesis are introduced: Biorefineries, heat integration and 
cogeneration technologies.  
 
Chapter 4 - Methodology 
This chapter summarizes the methodology framework used for the process design 
and assesses technological schemes for the conversion of oleochemical 
feedstocks into added value products. Process design strategies based on 
knowledge and process simulation were employed for design and simulate this 
transformation routes. According to their impact and applicability different 
assessments are applied (Energy consumption. Economic, Environmental and 
Social). 
 
Chapter 5 - Oil Palm Derivatives 
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In this chapter, different levels of processing oil palm and palm biodiesel supply 
chain  are considered. First it was analyzed how including smallholders into 
biodiesel business production costs can be reduced and profitability increased. 
Then, the supply chain of palm biodiesel in Colombia was optimized taking into 
account economical and environmental restrictions. This optimization evaluates the 
optimal conditions for oil palm expansion, based on GHG emissions, market 
conditions, production costs and locations. Different locations of potential biodiesel 
plants and expansion in oil palm areas were considered. Finally, the implications 
over land use change of required crop expansion were analyzed. Next part 
compares ethanolysis vs. methanolysis for biodiesel production from technical and 
economic points of view. Finally this discussion is extended developing two 
integration approaches where oil palm is used to generated added value products 
including biodiesel, alcohols, energy and palm olein. Process simulation using 
aspen plus V 7.1 was employed to model different production process, Aspen 
Economic Analyzer, was used to estimated production costs and profit margin. 
Environmental assessment was developed at two levels, land use change of 
current oil palm crops and its expansion was evaluated using EX-Act tool, and the 
potential environmental impact was evaluated using EPA's WAR tool. With relation 
to the optimization of biodiesel supply chain, GAMS tool was employed. The 
obtained results reveal how the inclusion of association smallholders-commercial 
producers allows improving the economic viability of palm biodiesel production 
reducing production cost from 1.29 USD/L to 0.661 USD/L. According to supply 
chain analysis from an environmental point of view oil palm crops should be 
expanded in eastern region and an additional biodiesel plant should be at least 
built in Nariño's region in order to supply with low cost an low emissions impact 
southern region of Colombia. Finally, two options of biorefineries based on oil palm 
were considered. Results revealed that an integrated option where biodiesel, palm 
olein, methanol, and cogeneration of heat and electricity, presented the higher 
potential income, with lower environmental impact. 
 
Chapter 6 - Jatropha Derivatives 
In this chapter  jatropha is analyzed as an important feedstock option for biodiesel 
production, mainly due to their no-edible character and capacity to grow in 
degraded/wasted lands, impacting positively on food security. Because, jatropha oil 
does not compete with food and its particular plantation condition, allows 
preserving most productive lands for planting food crops. In this chapter two 
echelons were considered to analyze biodiesel production. First echelon compares 
biodiesel production using two technologies: conventional process and an oil-
extraction-reaction process. The performance of these two options was compared 
from technical and environmental points of view. Due to oil-extraction-reaction is a 
new technology, it is not economically compared with a conventional well 
established technology. In second echelon, a biorefinery based on jatropha was 
considered. In this option, Biodiesel was the main product, while 3 propanediol, 
syngas, bioheat and bioelectricity are by-products increasing the profit margin of 
this process. This last option is important because the uncertainties related to 
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biodiesel production from jatropha, related to instabilities of feedstock prices. In this 
sense increasing profit margin of this process allows to make a better use of 
jatropha feedstock with a higher resilience to changes in the oilseed market. 
 
Chapter 7 - Maize Derivatives 
In this chapter, technical feasibility of maize ethanol production in Colombia was 
studied. An integrated dry milling process where biodiesel and Distillers Dried 
Grains with Solubles were by-products was simulated and economically analyzed 
using Aspen Plus and Aspen Economic Analyzer V7.2.  Five different production 
scenarios were considered, analyzing effects over the total production cost of 
maize ethanol. Two of those scenarios considered  partnerships between maize 
and ethanol producers, to reduce production costs and promote rural development. 
The implications of expanding maize ethanol production for ethanol exportation, 
food security and job generation were also considered. The results presented in 
this chapter can be potentially useful within the Colombian plan "PAIS MAIZ" for 
increasing maize cultivation, stable markets and overall incomes for producers. 
 
Chapter 8 - Castorbean and Microalgae Derivatives 
A green biorefinery (including the green chemistry and engineering concepts) 
should integrate first, second and third generation of feedstocks with the family of 
products. This concept is applied in this chapter, two feedstocks castor beans and 
microalgae are used in the combined production of polyol, biodiesel, Ethylenglycol, 
omega-3 acid, methanol, heat and power. Moreover, castor cake and microalgae 
paste are used to feed a biomass fired system (BIGCC), where part of CO2 
produced in flue gas is captured and employed as substrate to growing more 
microlagae. The biorefinery was simulated using Aspen Plus Software V. 7.1 and 
subrutines. The obtained results were analyzed economically using Aspen 
Economic Analyzer, Energetically using Aspen Energy Analyzer and 
environmentally using WAR tool developed by EPA. In addition, final biorefinery 
design was analyzed in order to perform mass and heat integrations. The results of 
mass integration demonstrate that it is only requiring fresh water for CO2 capture 
and to complement the requirements of HRSG system. This water is used to 
generate the steam used to provide heat to the process. Optimal heat integration 
design shows using a DTmin of 23°, process is able recover 35 MW trough 
process-process exchanging, and reduce external requirements for heating and 
cooling to 19 MW and 35 MW, respectively supplying 70% of total heating 
requirements. The economic results reveled that a configuration using mass and 
integration, while energy requirements are supplied by a cogeneration system can 
reduce production costs a 68% related to option only with internal mass integration. 
Finally, the environmental analysis indicate a generation of environmental potential 
impact, however most of this categories can be controlled trough specific 
improvements in the process such using a water treatment system.  
 
Chapter 9 - Developed Tools 
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In this chapter are presented two tools (BIOTA and ExACT-BIOTA) aimed to the 
techno-economic and environmental evaluation of Biofuels.  These tools were 
developed in a jointly effort with FAO-Rome and were applied as part of PENTA 
methodology in Tanzania and Peru. BIOTA provides an analysis of biofuel 
production costs based on the selection of parameters for agricultural crop 
production and biofuel processing, ranging from low to advanced 
technology/processing options. BIOTA has been developed in Visual Basic 
Environment. ExAct-BIOTA integrates two tools Ex-Act and BIOTA, ExAct-BIOTA 
has been developed in Microsoft Excel, in order to integrate acurately Ex-Act and 
Biota. This tool calculate the GHG emissions generated during  the production 
chain of two biofuels (Ethanol and Biodiesel), including most of the main emissions 
sources present during its processing, which affects the final accounting of a 
biofuel. These calculations allows indentifying if a given biofuel (Biodiesel or 
Ethanol), produced with certain agricultural practices, industrial technologies and 
using different transport means (to move feedstocks and products) can make a 
reduction in the GHG emissions compared to conventional fossil fuels. 
 
Chapter 10 - Conclusions 
This chapter presents general conclusions and recommendations derived from this 
thesis.  
 
Chapter 11 - List of Publications 
This chapter shows the published results throughout scientific meeting, papers, 
and book chapters. Also, a list containing the submitted papers was included. 
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CHAPTER 2 
OLEOCHEMICAL FEEDSTOCKS 
_______________________________________________________ 
2. Overview 
This chapter presents a review on potential tropical and subtropical oleochemical 
feedstocks, which are used or potentially can be used to produce added value 
products in Colombia. There are included edible, non edible alternatives as well as 
waste cooking oils. All feedstock are described according to their agronomic 
requirements and main production features. The final part of this chapter describes 
technologies used for oil extraction and conditioning. 
2.1 Oleochemical feedstocks  
Oleochemical feedstocks play an increasingly important role in the society, both as 
an edible food product and for industrial purposes. In addition from extraction 
residues can be obtained meals ( in the case of oilseeds), which provides a high 
energy and nutritionally important food source (Mailer, 2004). Oleochemical 
feedstocks includes a number of edible and non-edible oilseed crops (there are 
more than 350 oilseed bearing species, with thousands of sub-species), animal 
fats and oils, recycled or waste oils, by-products of edible oil and dairy industries.   
 
The main edible oilseeds crops around the world are oil palm, soybean, 
cottonseed, rapeseed, sunflower, groundnut (or peanut), sesame seed, linseed 
(from which the name linolenic acid is derived), safflower, and mustard seed  
(Mailer, 2004). Conversely, non-edible oilseed crops have production advantages 
such as requiring little care, plagues resistance, capacity to grow well on 
wasteland, no direct competition with food, along with a tolerance to long periods of 
drought and dry weather conditions (Dorado, 2008). Moreover, the foliage of these 
crops can be used as manure, giving an added value to the crop. Examples of 
these crops include castorbean, jatropha, grape seed, tobacco seed, flax and 
microalgae. Other oleochemical feedstocks non-edible, include animals fats and its 
residues (e.g. lard, tallow butter and fish oil), as well as waste cooking oils. 
 
 
During the extraction process of edible vegetable oils, an oilseed cake is obtained, 
containing most of the feedstock proteins. Although, oilseeds are important in 
animal nutrition only a small proportion of oilseeds is used to fed animals as whole 
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seeds. Oilseed meals are used extensively in animal feeds rations, being important 
in oilseed economy (McKevith, 2005). During the 2010-2019 period, annual growth 
in protein meal consumption is projected at 1% in OECD economies, compared 
with 3.1% in non-OECD economies (OECD-FAO, 2010). Soybean meal has a big 
share of meal market, followed by sunflower meal and rapeseed. Most of the 
oilseed meals are used as stock feed and in the production of feeds for pork and 
poultry (Mailer, 2004).  In the past, the oleochemical feedstocks production was 
high enough to satisfy human and animal nutrition requirements (86% food/feed).  
However, the oleochemical industry has been growing, starting to complement and 
replace the petrochemical industry. In this sense, oil based feedstock was assured 
as reliable supply of raw material to chemical industry (Bart, Palmeri, & Cavallaro, 
2010). 
 
World vegetable oil production has been increased at an average rate of 5% per 
year during 2007-2009 period. This increase has been promoted by a sustained 
food vegetable oil demand in developing countries, robust mandates for biodiesel 
consumption and strong use of the protein meal by the expanding livestock sector 
(C. Drapcho, Nghiem, & Walker, 2008). For instance, in 2007 vegetable oils were 
use 84% direct food and derivatives, 10% oleochemical and 6% biodiesel (Bart, et 
al., 2010). It is expected that share of oleochemical, especially biodiesel continues 
growing during next years. Consequently, during 2009-2019 decade, an expansion 
rate for oilseeds and oilseed products markets increased 6.5% is expected. This 
means that world production of vegetable will be increased from 15 billion liters to 
more than 40 billion liters. International prices of vegetables oils depend on the 
market of seventeen oilseed feedstocks, including rapeseed, soybean and palm oil. 
However, these prices are highly volatile because they are substitutive goods. 
Vegetable oil prices are projected in nominal terms to reach USD 1043/t in 2019 
(with adjusted by the inflation rate in each country) (OECD-FAO, 2010). Nowadays, 
the main vegetable oil producers in the world are European Union, Indonesia, 
Malaysia, China, United States and Argentina. It is expected that the growth rate of 
oilseed production during next 10 years will be higher than values of 2000's 
decade. According to estimations of OECD-FAO, much of the foreseen expansion 
will be concentrated in Brazil, the EU and Argentina, supported by land reallocation 
from other uses and new land entering production. Moreover, world oilseed oil 
production should increase by 30% during 2010-2019 and vegetable oil production 
should increase by almost 40% over the same period. The US should remain as 
the major oilseed producer over the projection period (OECD-FAO, 2011). 
 
In follow sections different details of oleochemical feedstocks are described. These 
feedstocks are currently used or can be potentially employed in Colombia, as well 
as similar tropical countries, as a base of the oleochemical industry (see Fig 2-1). 
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Fig. 2-1 Map of current or potential locations for oilseed crops in Colombia 
2.1.1 Oil Palm fruits 
Oil Palm (Elaeis guineensis) is a tropical crop, which grows along equatorial zone. 
Although higher yields are obtained in wet regions (2.200 a 3.500 mm.), high solar 
radiation, temperatures 25-28°C  are also required for this 
plantation(MINAGRICULTURA, 2004). The growth cycle of this perennial crop 
takes approximately 36-40 months. Oil palm plantations have high initial costs, with 
a first harvest after 5 years, and after 7–12 years the oil palm crop is most 
productive, when this  tree its accomplish maturity, it can reach 8.3-20 m height 
(IICA, 2010). In fact, the practical production life of an oil palm tree in a plantation is 
about 25 years (Bart, et al., 2010). Oil palm is planted in 42 countries worldwide. It 
has doubled its cultivated area since 1990 from about 4 MHa to 9.1 MHa in 2006 
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(exceeding 35 Mt of oil). It is one of oilseed crops with the highest yields, despite it 
requires relatively small areas to be cultivated (Yarmo et al., 1992). Oil palm crops 
are confined to tropical regions (because of their continuous requirements of high 
rainfall and temperature), consequently large increases in planted areas could lead 
to further intrusion onto virgin tropical forests (Bart, et al., 2010; Saouter, Hoof, 
Stalmans, & Brunskill, 2006).  
 
Oil palm fresh fruit bunches (FFB) are harvested and processed in an extraction 
plant to produce palm oil from the outer reddish-yellow fleshy mesocarp of the fruit, 
and palm kernel oil from the white kernel endosperm. These oils are chemically 
different. Palm oil contains mainly palmitic and oleic acids and about 50% of 
saturated fat. It is viscous and semi-solid even at warm climates and a solid fat in 
cold temperatures. Otherwise, palm kernel oil is rich in lauric acid and 89% of 
saturated fat (Demirbas, 2003; Upham, Thornley, Tomei, & Boucher, 2009). Crude 
palm oil (CPO) obtained from the extraction process contains free fatty acids 
(FFA), produced by the reaction of triglycerides with water during storage. A 5% 
FFA maximum content is allowed in this oil. Although CPO can be directly used in 
industrial activities, in order to be used on human food industries, palm oil must 
Refined, blanched and deodorized. The obtained oil is known as refined-bleached-
deodorised (RBD) oils and have a FFA content 0.1% maximum. Another potentially 
valued product of this process is palm kernel cake (extraction residue) used in 
balanced feed production (IICA, 2010). 
 
For industrial applications crude palm and palm kernel oils can be fractioned to 
obtain different added value products, such as oleins (liquid fraction), stearins 
(solid fraction) as well as intermediate fractions. Both oleins and estarins are 
intermediate feedstocks and they have different edible and non-edible appliactions. 
Stearin is used on margarine and industrial grease production used in bakery, 
pastry and soap production (IICA, 2010). Today, 70-90% of this crop is used for 
food and cosmetic industries the remaining 10-20% for other applications, such as 
biofuels, according to fluctuation in the demand due to its large competition from 
soybean oil (Bart, et al., 2010). Regard to biodiesel production both crude palm and 
palm kernel oil can be used generating methyl esters with differences in their 
chemical composition and physical properties. 
 
In the world palm oil, production has been growing at a rate of 8% per year during 
2008-2010 period, and the market share of palm oil is expected that reach a 30% 
among vegetable oils offer in 2015 (IICA, 2010). However, global production of 
palm oil remains very concentrated, with Malaysia and Indonesia producing over 
85%(Hoh, 2010; Siang, Manan, & Sarmidi, 2003). Combined they are expected to 
reach 70 Mt in 2019 (OECD-FAO, 2010). Colombia is the fifth palm oil producer in 
the world after Nigeria and Thailand and first Latin-American producer. However, 
Colombian production is lower than Asian countries and only reach a 2% of world 
production (CONPES, 2007). Oil palm is one most important crops in Colombia, 
and palm oil produced supplies most of oleochemical internal market. First oil palm 
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crops in were planted by the United Fruit Company (UFCo), who established first 
plantation in Magdalena at 1945 (IICA, 2010). Today, oil palm grows in Colombia in 
12 departments: Magdalena, Cesar, Atlantico, Guajira, Santander, Norte de 
Santander, Bolivar, Meta, Cundinamarca, Casanare, Caquetá and Nariño (see Fig. 
2-1). Recently palm oil agro industry in Colombia has been growing attending 
traditional markets, exportations and a biodiesel market in expansion. First palm oil 
exportations growth at an annual rate of 17.7% from 1999 to 2004, this year palm 
oil exportations were 250,000 tons per year (39.4% of national production). 
However, since 2004 palm oil exportation rate has drop, revealing an internal 
market increase which concede with increase on demand for biodiesel production 
(IICA, 2010). 
2.1.2 Maize 
Maize (Zea mays L.), a native tropical crop from America, has served as basic food 
for humanity for centuries. It is one of the oldest domesticated plants and its origins 
are dated more than 7000 years ago from Central Mexico. There, the 
Mesoamerican natives adapted this crop from a wild grass to a productive food 
source (Abbassian, Heine, & Cerquiglini, 2006).Currently, maize is well adapted to 
different climates with a wide range of maturities from 70 days to 210 days (Belfield 
& Brown, 2008). Maize can be produced in both hemispheres; the northern from 
April through November and the southern from September through May. Maize is 
the world’s third largest cultivated crop after wheat, rice, and the first most 
harvested cereal crop worldwide. In 2009,  the reported world production was 818 
million tons (FAOSTAT, 2012a). Moreover, the United States is currently the 
world's largest, producer, consumer and exporter of maize (Abbassian, et al., 
2006).   
 
Structurally a typical maize seed has four main components, and from each value-
added products are derived. These parts are the seed coat or pericarp, the germ or 
embryo, the tip cap, and the endosperm. The pericarp is the outer part of the seed 
composed of cellulose, hemicelluloses, lignin and various waxes. These cellular 
layers protect the kernel from diseases, insects and moisture losses. The Germ or 
embryo contains a miniature plant composed of the plumule (leaves), radicle 
(roots) and sculletum. The embryo is rich in oil (25% of its weight), and contains the 
genetic information required for both for shoot development during germination and 
for the development of sexually mature reproducing a plant. The genetic material is 
required to develop roots and shoots during germination; The Tip Cap is the point 
into where the kernel is attached to the cob. It provides the major entry for food and 
water into the kernel. The Endosperm is formally the seed’s food storage tissue 
comprising 80% of the kernel. It is composed primarily of  starches and sugars, 
minerals and proteins in proportions that vary according to the variety (Eckhoff, 
2004b; Espinoza, 2001).   
 
 Analysis of Technological Schemes for the Efficient Production of Added Value Products from 
Colombian Oleochemical Feedstocks  
 
25 
 
Today, Maize is directly present in the diet of more than 200 million people as a 
breakfast cereal or dairy product (du Plessis, 2003). This consumption rate is 
growing annually. The Food and Agriculture Organization of the United Nations 
(FAO) estimates that human and animal consumption demand for maize will be 
increased by nearly 300 million tons by 2030. This figure does not include the 
demand for industrial applications (O’Gara, 2007). Indeed, maize plays a major role 
as a vital food in different parts of the world; particularly in Africa, Asia as well as 
Central and South America. This is why maize is included among the leading 
commodities that make up the bulk of international food aid (Abbassian, et al., 
2006). However, despite this high demand for maize for human food and animal 
feed, not all planted maize is used towards this end. During the 20 year period 
beginning with 1980, industrial use of maize was below 20% according to 
FAOSTAT.  By 2007 however only 110 of the 789 million of tons  produced were 
employed for human consumption signaling a profound change in market patterns   
(FAOSTAT, 2011)Thus, although maize is used and traded as a food crop, today, it 
is also an important food staple and industrial feedstock. Currently, conservative 
estimates  indicate  that industrial use of maize could be between 15- 30% of the 
total production, as its use increases due to its value to new bio-based initiatives, 
to renewable energy production and to a growing sweeteners industry (Davis, 
2001).  
 
Industrially, maize is extensively employed for a number of purposes that include 
feedstock for the production of organic chemicals, dietary complements, 
sweeteners (syrup), biodegradable polymers, fibers and, in a rising proportion, for 
bioethanol production (O’Gara, 2007). These choices are dictated by the availability 
of value added molecules that are synthesized in various parts of the plant. For 
example, the oil  found in the germ may be   processed to produce different 
oleochemical products, including salad oils and biodiesel. In addition,  the starch 
;found in the endosperm is a polymer composed of a large number of repeating 
glucose units that can be processed and used for food, pharmaceutics, cosmetics, 
paints products, adhesives in the paper industry, and as filler in pharmaceuticals. 
Enzymatic starch degradation produces sorbic and lactic acids (Halm, Hornbæk, 
Arneborg, Sefa-Dedeh, & Jespersen, 2004; Pirgozliev, Murphy, Owens, George, & 
McCann, 2008).Starch can also be used in a huge assortment of chemical 
derivatives such as biodegradable bioplastics substituting for petroleum based 
plastics(Chaudhary, Miler, Torley, Sopade, & Halley, 2008; van Soest, Hulleman, 
de Wit, & Vliegenthart, 1996). In addition, maize starch can be fermented and used 
by the ethanol and brewing industries.  
 
Annual production of Maize in Colombia (60,000 Ton) is low compared to values 
reported in United States (320 million Ton) (FAOSTAT, 2012a). Production in 
Colombia is grouped in five regional groups: Valle del Cauca, Tolima-Huila, Cesar-
Santander, Llanos Orientales and Cordoba-Sucre. 
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2.1.3 Sesame seed 
Sesame is an annual crop, which grows in tropical and sub-tropical countries. The 
optimal agro ecologic conditions of this crop include: Temperatures of 24-30°C, 
high solar radiation, 300-400 mm rainfall, sandy soils and efficient drainage. The 
sesame meal has high protein (10-25%), according to variety, and has a favorable 
amino acid profile with high methionine and low lysine content (Mailer 2004). The 
unsaponificable fraction of the oil contains sesamine and sesamoline that during 
the refining process form sesamol and sesaminol (antioxidants). These are strong 
antioxidants that give the oil exceptional resistance to oxidation and rancidity 
(Mailer, 2004).  
 
The fatty acid profile of sesame seed oil includes of palmitoleic (11%), stearic (7%), 
oleic (43%) and linoleic (35%). This profile makes this oil nutritionally beneficial. 
Indeed, this feedstock is used for human consumption on bread rolls and health 
food. Sesame oil shows high oxidation stability and its methyl esters can 
successfully be used as biodiesel; however, sesame oil has a high commercial 
value that makes unviable as biofuel. The economic importance of sesame seed 
makes that this crop be widely cultivated in many parts of the world (5 million 
acres). The main world oil producers are India, China, Myanmar and global 
production reach values of 3.3 Mt/yr (Mailer, 2004). In addition this crop has been 
adapted to semiarid regions. Sesame is currently being developed as a major 
oilseed crop in Turkey (South-eastern Anatolia Project). In Colombia sesame can 
be planted in Magdalena, Bolívar, Sucre, Córdoba and Tolima. 
2.1.4 Soybean 
Soybean (Glycine max) is an annual crop from leguminous family and native from 
Asia. This crop grows optimally in tropical regions, at latitudes from 0° to 38°, and 
the highest production yields are obtained at 1000 m above sea level (IICA, 2010). 
Soybean is a short term plant with crop cycle of 110-140 days. It is usual rotate this 
crop with maize, cottonseed and sorghum. It is planted on warm areas and 500-
100 m above sea level. Soybeans are characterized by their high protein and lipid 
content. As a legume, it has the advantage of introducing some nitrogen back into 
the soil naturally, making this plant more sustainable than intense nitrogen 
consumers; because of that this crop is actively used  in crop rotation with 
nitrogen-intensive crops such as Maize (C. Drapcho, et al., 2008).  
 
The oil content in soybeans is approximately (37–63%), and is used a base for 
different products including food, paint, detergents, paints and biodiesel. Seeds are 
rich in protein mainly globulins (90%). After oil extraction heat treatment is used to 
inactive enzymes. This step is necessary to avoid digestibility reductions of stock 
feed (Mailer, 2004). Extracted soybean oil is a complex mixture of triglycerides with 
a high proportion of polyunsaturated fatty acids ( 63.0%), a characteristic that 
 Analysis of Technological Schemes for the Efficient Production of Added Value Products from 
Colombian Oleochemical Feedstocks  
 
27 
 
renders SBO very susceptible to peroxidation with molecular oxygen (Bart, et al., 
2010). The fatty acids profile of soybean oil contains approximately equal amounts 
of palmitic acid, oleic acid, and linolenic acid (13% each), linoleic acid (55%), and 
stearic acid (4%) (Vasudevan & Briggs, 2008). 
 
Soybean oil is one of most important oleochemical feedstocks in the world, being a 
major source of edible oil and high-quality protein both for human and animals 
(Huo, Wang, Bloyd, & Putsche, 2008). Soybeans and soya products have played 
an important part in Asian cuisine for centuries. However, there was a little use of 
soybean oil prior to World War II because of problems with flavour reversion. Once 
a technique was developed to solve this, the use of soybean oil was expanded 
rapidly (McKevith, 2005). In addition, the soybean meal is used for food purposes, 
but also in cosmetics, paints, and adhesives industries. The soybean market has 
historically been determined by the demand of meal, which contrary to oil is not a 
very storable product (making up 35–40% of soybean value). With the increase of 
biodiesel production, soybean oil production is now moving towards an oil-driven 
market with prices at top levels. The high value of soybean oil as a food product 
makes production of a cost-effective fuel very challenging (Bart, et al., 2010). 
 
Global production of Soybean is dominated by the United States of America (40%), 
Brazil (23%), Argentina (17%), and China (9%) (Mathews & Goldsztein, 2009). 
During the period 2002–2007 soybean provided about 50% of the growth in world 
oilseed mills (about 31 Mt) (Bart, et al., 2010), and its production growth in a rate of 
5% per year during 2008-2010 period (IICA, 2010). The United States Department 
of Agriculture (USDA) projected a global oilseed demand based on the world main 
oleochemical feedstocks: soybean, canola, cottonseed, sunflower, peanut, copra, 
oil palm at 2020 of about 671 MMT. Also, they project that most of future oilseed 
supplies will come from soybean (Wilson, 2010).  In the United States, soybean oil 
is the most prevalent form of oil used in the production of biodiesel. The US 
production capacity  accounts for 40% of the world soybean output and for over 
50% of the total available bio-based oil for industrial applications (Bart, et al., 2010).  
In Colombia soybean is one of main oleochemical feedstocks. However most of 
internal consumption is imported from United States and Argentina. Currently, there 
are soybean plantations located in Cauca, Tolima and Meta departments.  
2.1.5 Cottonseed 
Cottonseed (Gossypium herbaceum) belongs to the family Malvaceae. It is a 
perennial shrub, although it can be planted as an annual crop, which can grow up 
to 3 m high. This annual crop is native from tropical and subtropical regions. 
Cottonssed is a long term crop with crop cycles of 160-200 days. It is not a 
drought-resistant plant; though, this crop is able to be planted to diverse kind of 
lands, as long as those have acceptable conditions of depth and drainage. (IICA, 
2010). Cottonseed is a major world fiber crop. Its fiber grows around the seeds of 
the cotton plant and is used to make textile, which is the most widely used natural-
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fiber cloth. Growing and harvesting of cotton requires dry conditions and can 
achieve yields of 450 kg/Ha (Dorado 2008).  
 
Cottonseeds are composed by oil (16%), protein (37%), hull (37%), and linters 
(10%). Moreover, kernel contains phenolic compound called gossypol. It is toxic to 
humans and monogastric animals (Mailer, 2004). Cottonseed oil is a by-product 
obtained after cotton ginned when lint has been removed. It can be used as an 
edible oil (MINAGRICULTURA, 2004). Cottonseed oil (CSO) is a vegetable oil 
extracted from the seeds of after the cotton. It must be refined to remove the 
naturally occurring toxin gossypol (a polyphenol). It is one of the few oils 
considered acceptable for reducing saturated fat intake. CSO is one of most 
unsaturated oils (PUFA, 52%); others include safflower (PUFA, 79%), corn (PUFA, 
59%) and sunflower seed oils (PUFA, 61.5%). The characteristic fatty acid profile of 
cottonseed oil includes mainly palmitic acid (21%), stearic acid (2.4%), oleic acid 
(19.5%), linoleic acid (54.3%), and myristic acid (0.9%) (Bart, et al., 2010). 
 
Cottonseed oil has many food applications after detoxifications in salad oil, cooking 
oil, shortenings or margarine, baking and frying fats. Only a small amount (18%) is 
used for other industrial purposes. Cottonseed oil was considered as a fuel for 
diesel engines as long ago as the early 1950s. Cotton oil is also one of the main 
four genetically modified crops grown around the world (i.e. soybean, corn, 
rapeseed/canola and cotton) (Bart, et al., 2010). Due to its fatty acid content of 
saturated and unsaturated oils, it can be used for biodiesel.  Nevertheless, 
Cottonseed oil, cake, meal, and hulls remains as by-products of cotton base textile 
industry. Particularly, the whole cottonseed may be used as a feed for mature 
cattle. Cottonseed meal is an excellent protein supplement for cattle. It has a 
relatively low rumen degradability and is a good source of by-pass protein and is 
especially useful in rations for milking cows (Mailer, 2004). China is the largest 
producer of cottonseed, along with the United States, India, and Pakistan.  In 
Colombia, cottonseed is planted in two regions: i) Costa-Meta: Magdalena, Cesar, 
Atlántico, Córdoba, Bolívar, ii) Interior: Caldas, Cauca, Cundinamarca, Huila, 
Risaralda, Tolima y Valle del Cauca. Due Colombia is a tropical country cottonseed 
can be harvested in two seasons per year. First season is called "Costa-Meta" 
starts planting at June-July and is harvested at December-March. Second season 
known as "interior" starts plating at January-Febraury and is harvested at July-
September (IICA, 2010). 
2.1.6 Linseed 
Linseed (Linum usitatissimum L.) belongs to the family Linaceae. This crop is able 
to grow in different climates, but in cool climates achieve higher oil contents. It is 
commonly known as linseed, flaxseed, lint bells, or winterlien (Dorado, 2008).  
Linseed is an annual herb which can grow up to 60 cms in height, although, this 
plant is native to West Asia and the Mediterranean, can grow at tropical regions. 
The dry linseeds contain 30–40% oil. Linseed is a high-linolenic variety (Bart, 
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Palmeri et al. 2010), although linseed cultivars have introduced low linolenic acid to 
the edible food market. In 1994, the Flax Council of Canada developed the term 
‘‘Solin’’ to describe linseed with less than 5% linolenic acid (Mailer, 2004).  
 
Lineseed is used as source of fiber for the preparation of high-quality products in 
the paper and textile industries (McKevith 2005). It was used by the Egyptians to 
make cloth in which to wrap their mummies. In addition, the medicinal properties of 
these seeds have been known since ancient Greece. It is used in pharmacology 
(antitussive, gentle bulk laxative, relaxing expectorant, antiseptic, anti-
inflammatory, etc.). Although, the linseed is also used a purgative for sheep and 
horses. There is a market for flaxseed meal as both animal feeding and human 
nutrition (Dorado 2008). Linseed oil is an excellent source of linolenic acid. Its fatty 
acid profile includes palmitic acid (4.5%), stearic acid (4.4%), oleic acid (17.0%), 
linoleic acid (15.5%), and linolenic acid (58.6%). Linseed oils with high linoleic acid 
contents are preferred for non-food, technical purposes (e.g. resin and plastic, 
varnish and paint). Particularly, In oil painting, linseed oil remains the most popular 
oil for binding pigment, thinning paint, and varnishing finished paintings (Bart, 
Palmeri et al. 2010). The high level of unsaturated fatty acids in linseed makes is oil 
very reactive with a short shelf life (Mailer 2004). This high reactivity is due to 
polyene structure of linseed fatty acids, which results in high sensitivity toward 
autoxidation. Both linoleate and linolenate structures oxidize rapidly since they 
contain double allylic hydrogen atoms that are easily abstracted in the autoxidative 
process (Bart, et al., 2010).  Biodiesel from lineseed oil presents a lower cold filter 
plugging point (CFPP) than biodiesel from rapeseed oil, due to large amounts of 
linolenic acid methyl ester and their iodine value (Dorado, 2008). Above features 
affects the direct use of lineseed oil for biodiesel production, limiting it to blendings 
other methyl esters. 
 
Finally, form oil extraction linseed meal is obtained. It has a high crude protein 
value but low lysine levels. This meal also has a high level of soluble fiber, called 
mucilage that is indigestible to nonruminants and reduces the energy value of the 
meal (Mailer, 2004). According to Ministerio de Agricultura de Colombia there are 
small scale linseed crops in Cundinamarca and Tolima. 
2.1.7 Castorbean 
Castorbean (Ricinus communis L) belongs to the Euphorbiaceae family. This 
perennial tree or shrub Native from Central Africa, can reach up to 12 m high in 
tropical or subtropical climates, but it remains 3 m tall in temperate places (Dorado 
2008). This plant is able to survive in fallowed and marginal lands under sub humid 
and semiarid conditions, requiring little rainfall (15–18 in./yr), and resisting long 
periods of drought (IICA 2010).  Castorbean has certain competitive advantages 
over other oilseed crops: fewer planting requirements resulting in reduced work 
time, less fertilizer consumption. Castor plant can used as a rotation crop with 
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coffee and bananas plantation beans, cassava and sorghum, being an attractive 
alternative for small farmers (IICA 2010).  
 
Castorbean seeds contain approximately 47–49% oil. This oil is rich in ricinoleic 
acid (12-hydroxy-9-cis-octadecenoic) triglyceride (85–95%), which is an hydroxyl 
acid with a high commercial value (Bart, et al., 2010). It has unique physical and 
chemical properties, due to the hydroxyl group in this molecule  (Meneghetti, 
Meneghetti, Serra, Barbosa, & Wolf, 2007). This hydroxycarboxylic acid is 
responsible for the extremely high viscosity of castor oil, being almost a hundred 
times higher than values observed for other fatty materials (Dorado 2008). Castor 
oil has a toxic nature due to the presence of ricin, which is unsuitable for nutritional 
purposes due to its laxative effect (Ogunniyi, 2006). Nevertheless, this oil has high 
market prices as refined oil and is imported by most of the industrialized nations, 
then it has a direct market which can even compete with its own derivatives 
(McKeon, 2005). 
 
Castor oil has more than 700 potential applications, and its derivatives were 
classified by (Santhanam, Balu, & Sreevatsan, 2012) in three generations: The 
generation I include hydrogenated castor oil, 12-hydroxy stearic acid, dehydrated 
castor oil acid, and ethoxylated castor oil among others. Generation II include more 
value added chemicals such as sebacic acid, undecyclenic acid, heptaldehyde, 
polyols and dimer acid.  Generation III include the esters and salts of generation II 
derivatives as well as derivatives such as methyl-12-hydroxystearate. In addition, 
castor bean cake can be used as nitrogen-rich fertilizer, or after detoxication 
treatment as the meal to feed livestock (IICA 2010). Biodiesel obtained from castor 
oil transesterification occurs at room temperature because of its unusual solubility 
in alcohols. However, castor oil is not a good raw material for biodiesel, due to the 
viscosity of castor biodiesel (13.75 mm2/s, compared to 3.2 mm2/s of mineral 
diesel) would cause problems for most of the internal combustion engines moved 
with diesel (Bart, Palmeri et al. 2010). The world production of Castor oil reached at 
2009 a value of 600 kt/yr, mainly from India and China (Bart, Palmeri et al. 2010). 
Moreover, it is considered as an important feedstock for biodiesel in the arid North-
Eastern Brazil, and Jamaica has selected castor beans as its national biodiesel 
feedstock (Bart, Palmeri et al. 2010). According to information provided by 
CORPOICA, carstobean cultivation in Colombia is currently taking is increasing. 
However, Colombia is a country with a low participation in the international market 
of castor oil. The main plantations reported in Colombia are located at 
Cundinamarca, Bogotá and Antioquia (C. A.  Cardona & C.E.  Orrego, 2008).  
2.1.8 Rapeseed 
Rapeseed belongs to Brassica family, which includes broccoli, cabbage, 
cauliflower, mustard, radish and turnip. This crop also known as (colza oil or 
coleseed), can germinate and growth in cooler to summer climates such as 
Northern United States, Canada, and Germany (Upham, et al., 2009). Rapeseed 
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crop typically produce colorful yellow flowers with seeds with high oil content (C. 
Drapcho, et al., 2008). It can only be cultivated economically and for ecological 
reasons every third or fourth year. In contrast with grain or maize, rapeseed is not 
self-sustaining and monocultures are therefore impossible. Moreover, it should be 
remembered that it took some 50 years to triple the crop yield of rapeseed (Bart, et 
al., 2010).  Rapeseed used to have high levels of the erucic acid (It has detrimental 
effects on the myocardial muscle of rats fed the oil) and toxic glucosinolates. 
Consequently, new varieties have started to be bred with oleic acid replacing 
erucic acid (Mailer, 2004).  Nowadays, rapeseed cultivars have developed using 
classical breeding methods the so-called ‘zero’ (0) and ‘double zero’ (00) varieties 
with reduced levels of both erucic acid (<2%) and glucosinolates (<30 mmol/g), 
also referred to as edible rapeseed in accordance with FDA standards (Bart, et al., 
2010). Another modification of rapeseed is Canola (CANadian Oil Low Acid). The 
Canadian plant breeders developed this variety in the 1970s decade, as a variety 
with improved nutritional quality. Canola grows on most soil types but requires 
good drainage (Bart, et al., 2010). Canola is recognized under ISO 5725, Codex 
Alimentarius and ISTA as cultivars of rapeseed with less than 2% erucic acid in the 
oil and less than 30 mmol of aliphatic glucosinolates in the meal. European 
nomenclature to describe cultivars of rapeseed include low erucic acid rapeseed 
(LEAR) and Colza which is the French name for B. napus rapeseed in general 
(Mailer, 2004). In addition, from an agronomic standpoint, canola offers the 
advantage of being both a spring and a winter crop (Bart, et al., 2010; McKevith, 
2005).  
 
Rapeseed contains approximately 22% protein and 40% oil, although modern 
breeds can reach 48 % oil content. Compared to soybeans, rapeseed has more 
than twice the oil content but a lower protein level. The seed is crushed for the oil 
contained; the by-product cake is potentially used for the intensive livestock 
industry, although it has low value as feed due to the presence of sulfur-containing 
compounds called glucosinolates, which have deleterious effects on the thyroid 
gland of mono-gastric animals (C. Drapcho, et al., 2008; Mailer, 2004).. 
 
Rapeseed oil has high content of monounsaturated oleic acid (60%) and low levels 
of saturated (5.5%) and polyunsaturated acids (32.5%) (Bart, et al., 2010). 
Rapessed oil production has been growing at a rate of 4% per year during 2008-
2010 period (IICA 2010). Conversely, the balanced fatty acid profile makes the 
canola oil ideal for mayonnaise and salad dressings, as well as for a wide range of 
applications in the bakery and confectionary industry. However, Rapeseed oil is 
considered as an ideal raw material for biodiesel (rapeseed methyl ether, RME) 
because of its combustion characteristics, oxidative stability and temperature, 
allowing to operate in winter  (Bart, et al., 2010). Indeed, it was the first type of 
vegetable oil used for transesterification and  still today in Europe is the main 
source for biodiesel production (Körbitz, Friedrich, Waginger, & Wörgette, 2003).  
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Rapeseed is the third most important source of vegetable oil in the world and the 
most prevalent plant oil for production of biodiesel worldwide (Bart, et al., 2010; C. 
Drapcho, et al., 2008). China is the largest producer of rapeseed with nearly one-
third of the world production with India, Germany, France, and Canada also being 
major producers. In Colombia there are not technified crops and most of rapeseed 
is imported. 
2.1.9 Jatropha 
Jatropha curcas L. is a deciduous perennial tree and can grow 2-3 m. However, 
under improved planting conditions it can reach 8 m. It is native from tropical 
America, specifically Mexico. This bush belongs to the family of Euphorbiaceae, 
distributed in the wild or semi-cultivated areas. It is a tropical and subtropical plant, 
and can grow at latitudes 30 degrees north and south of the Equator.  Jatropha 
grows particularly well in West, Central, and East Africa, South Asia, Bolivia, 
Paraguay, Brazil and in the southern United States of America. Results show that 
globally approximately 20 percent of cultivated areas are very suitable or suitable 
for jatropha with the largest potentials in located in Asia, Africa, and South America 
(Fischer, Hizsnyik, Prieler, Shah, & Velthuizen, 2007; Upham, et al., 2009). This 
crop improves soil quality, requiring small amount of water, fertilizer and pesticides 
(Prueksakorn, Gheewala, Malakul, & Bonnet, 2010). Jatropha is a drought resistant 
tree, able to survive in fallowed agricultural lands (Achten et al., 2008) and low to 
high rainfall areas (Vasudevan & Briggs, 2008). However, Jatropha is toxic to 
livestock, weedy and not good for using in agroforestry systems, except as living 
fence to protect food crops. Furthermore, jatropha as crop is ideal for small-holders 
as a rotation crop (Benge, 2006; Prueksakorn, et al., 2010). As an oil-bearing crop 
jatropha can be harvested once per year. After 5 years, depending on factors such: 
genetic variety, ago-climatic al conditions and the harvest techniques, can yield 2-5 
tons of dry seed/ha/year (Prueksakorn and Gheewala 2006).  
 
Jatropha Curcas crop has an oil content of 25-30% in seeds and 50-60% in kernel 
(Azam, Waris et al. 2005). Fatty acids profile of jatropha includes myristic acid (0–
0.5%), palmitic acid (12–17%), stearic acid (5–6%), oleic acid (37–63%), and 
linoleic acid (19–40%) (Kumar Tiwari, Kumar et al. 2007; Achten, Verchot et al. 
2008; Patil, Gude et al. 2009; Sysaneth and Duangsavanh 2009). Crude Jatropha 
curcas oil contains 2.5–5.5% FFA or even more. Jatropha Oil is not edible due to 
presence of toxins as phorbol esters, trypsin inhibitors, lectins, phytates and curcin 
(Achten, Verchot et al. 2008; Bart, Palmeri et al. 2010). However, after refining 
good-quality jatropha oil can be obtained with low phosphatide content (<0.25%) 
and a free fatty acid contents comparable to refined palm oil (Bart, Palmeri et al. 
2010). In this sense, the toxic extraction cake has potential as fertilizer high 
nitrogen, phosphorus and potassium content. However, there are issues still 
difficulties related to storage, such as the formation of organic acids, the slow 
degradation of lignin (shells) and the possible need for treatment with pesticides or 
the production of toxic aflatoxins (Benge, 2006; W. Haas & Mittelbach, 2000; 
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Kumar & Sharma, 2008). Another main application of  jatropha extraction cake is 
biogas production, being used for electricity generation by small communities in 
rural areas of India (Bart, et al., 2010). For biodiesel production, jatropha oil has a 
high technical potential due properties of vegetable oil, however it still requires 
reduce jatropha oil cost to increase its competitiveness (Prueksakorn, et al., 2010). 
 
The first commercial applications of Jatropha were reported from Lisbon, where the 
oil imported from Cape Verde was used for soap production and for lamps (Kumar 
& Sharma, 2008), and then used as a diesel fuel substitute during World War II 
(Bart, et al., 2010). Nevertheless, jatropha is a relatively new player in the 
oleochemical market. During last 20-25 years different projects based on jatropha 
has been developed. An expansion in large-scale jatropha plantations (over 1.75 
Mha) is worldwide tendency, in particular, in South-East Asia, Africa and Central 
and South America. Jatropha projects in Asia are in India (>1 Mha; D1 Oil, BP 
Mission Biofuels, Mission New Energy Ltd., local projects), Cambodia (20 kha; Van 
der Horst), Malaysia (22 kha; Mission Biofuels) and Indonesia (220 kha; BP, 
BioEnergy, Renewable Fuel Corp. Inc.), and also in Saudi Arabia (D1 Oils) and the 
Philippines (1Mha; D1 Oils, NRG Chemical, Philippine National Oil Company). 
Myanmar cultivates approximately 800 kha of jatropha. JatOil Ltd. (Pyrmont, NSW) 
has jatropha field trials underway in Vietnam. Africa is now the second largest area 
of large-scale jatropha cultivation. Mozambique intends cultivating 300 kha of 
jatropha oilseed crops starting planting in 2008. Other large-scale African jatropha 
planting projects run in Ghana (Goldstar Farms Ltd., 2Mha), Malawi (55 kha), 
Madagascar (17 kha), South Africa (15 kha), Burkina Faso (25 kha), Mali, Sierra 
Leone and Nigeria. There are governmental programmes for cultivation of Jatropha 
also in other countries (e.g. Egypt, Tanzania) (Bart, et al., 2010). Jatropha is also 
been crowing in planted areas in Central America with 200 kha plantations in Haiti, 
100 kha plantations in Guatemala, and others in Chile (Gold Star Biofuels, 1 Mha), 
Colombia, Peru, Honduras and Mexico (Bart, et al., 2010). Particular experiences 
of Brazil with its national program, has promoted the planting over 100 kha. 
However, in this country has dealing with plagues, toxicity, and lack of uniformity in 
flowering and maturing. Because of that they recommend low scale plantations 
rather than high scale (IICA, 2010).  In Colombia there are reported studies with 
jatropha crop in Guajira, Vichada, Meta and Cundinamarca, where CORPOICA, is 
developing research regard to the adaptation of this crop to Colombian soil and 
Agro ecologic conditions (L. Campuzano, 2010). 
2.1.10 Sunflower 
Sunflower (Helianthus annuus L.) growths in countries with warm and dry climatic 
conditions and rich soil (Bart, et al., 2010). This crop is native from North America, 
but it can easily be adapted to other regions. Indeed, this crop is already planted at 
five continents. Sunflower seeds are used for vegetable oil production and animal 
feed. Moreover, sunflower itself is used as a decorative plant. Although, this crop is 
partially resistant to drought, temperatures higher than 25°C reduces yields ad oil 
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content. According to Climate and agro-ecologic conditions different yields can be 
achieved, ranging from 790-3000 kg/ha (CORPODIB, 2004). 
 
Oil content in sunflower seed is 80%. De-hulled sunflower meal has 28-42% 
protein. The meal has high protein content and is used in animal feed for livestock 
and poultry. A small percentage of the crop is used for non oilseed production. 
mostly as a decorative flower. Sunflower oil has a low linolenic acid content with 
good oxidative stability to be used for cooking, salad oil ad margarines (Mailer, 
2004). The fatty acid composition of sunflower seed oil is dependent on where the 
crop is grown. Cooler climates produce higher amounts of the n-6 polyunsaturated 
fatty acid (PUFA) linoleic acid (55-75%, average) compared with warmer climates, 
where the MUFA oleic acid is more dominant (15-20%,average). As well as the 
normal variety, a high oleic sunflower has also been developed. These fatty acids 
have different properties and different health effects (Abitogun, Omosheyin, Oloye, 
& Alademehin, 2010). Sunflower oil contains lecithin, tocopherols, carotenoids and 
waxes, is rich in vitamin E content and low in saturated fat, with a clean taste 
(Rashid, Anwar, Moserb, & Ashraf, 2008) 
 
Sunflower oil is used in human food and animal feed industries (Bart, et al., 2010). 
Moreover, sunflower seeds can be used as animal forage (McKevith, 2005). 
Sunflower is the only major oil crop native to western North America. In the Unites 
States is almost exclusively used by its nutritionally attractive. Other countries have 
developed different varieties. Argentina produces regular and high-oleic sunflower 
oils. Regular oleic sunflower has been developed for frying applications and is in 
direct competition with low-linolenic canola oil; while, Europe has focused on high-
oleic sunflower (Bart, et al., 2010). These regular and high-oleic varieties with 
higher oxidative stability have also an industrial interest. The use of sunflower for 
biodiesel production is limited to those varieties whit low linoleic acid content. 
Those with high content have also high iodine values affecting the biodiesel 
production process. The main producers of sunflower in the world are Russia, 
China, France, Unites States and Argentina. Last country has been the major 
producer of sunflower seed in last decade with 17% of the total global production 
(OECD-FAO, 2011). In Colombia, sunflower production is low and is mostly used 
for decorative purposes. Most of requirements of sunflower oil and seeds are 
imported. 
2.1.11 Peanut 
Peanut (Arachis hypogae L.) is also known as groundnuts. The peanuts have been 
grown for oil (sometimes referred to as arachis oil) and as a food commodity 
(McKevith 2005). The peanut is an annual crop, which belongs to the family 
Fabaceae native from South America and cultivated in tropical and subtropical 
regions. It can grow at latitudes 40 degrees north and south of the Equator 
(CORPODIB, 2004). Peanut crops are characterized by a slightly lower oil yield per 
acre than rapeseed but much higher than soybean. It is typically a crop for 
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smallholders, being used as mono-crop or as rotation crop. Indeed, It is used a 
rotation crop combined with sugar cane in Brazil (IICA, 2010). In developing 
countries, peanuts have been used as an important food source (CORPODIB, 
2004). Consequently, increase yield is an imperative breeding priority, particularly 
in developing countries where yield is poor. For instance, peanut yields can be 
increased (up to 3.3 t/ha) using irrigation (Bart, et al., 2010). An increased oil 
content is also desirable as peanuts have a wide range from 40% to greater than 
60% in wild types (Mailer, 2004). After soybean oil, peanut oil is second producer of 
vegetable oil in the world (OECD-FAO, 2011), mainly due to high use of peanut oil 
in Asian cuisine. Peanut oil has excellent stability, is extremely durable and less 
prone to oxidation than other vegetable oils in frying applications (Bart, et al., 
2010). Peanut are composed by protein (26%), oil (41%), and carbohydrates (24%) 
(IICA, 2010). Peanut oil has a fatty acid profile of oleic acid (33%), linoleic acid 
(20%) and other acids (32%) (Chang & Liu, 2009). 
 
Peanuts are a valuable source of oil and also produce a high-protein meal for stock 
feed (Mailer, 2004). More than a third of the peanuts worldwide harvested are used 
as food (McKevith, 2005). Meal protein from peanut cake is high (46%) and is 
widely used in animal feed (Mailer, 2004). Peanut oil has been used as fuel, indeed 
the small diesel engine shown at the Paris exposition in 1900 by the French Otto 
Company ran peanut oil. Today, peanut oil has a high international market value 
that limits its use as industrial feedstock, especially biodiesel production ((IICA 
2010). Moreover, biodiesel produced from this oil has a low cetane number (41.8) 
and consequently, a comparative lower fuel performance. Despite this fact, B10 
mixtures from peanut biodiesel are actively being pursued in Karnataka State 
(India) (Bart, Palmeri et al. 2010). In Colombia, there are peanut plantations in 
Boyacá, Caldas, Cauca, Nariño and Tolima. 
2.1.12 Algae 
Algae are a large and diverse group of simple plantlike organisms, ranging from 
unicellar to multicellar forms. These contain proteins, carbohydrate, lipids and 
nucleic acids in different ratios according to with the specie. (Pokoo-Aikins, Nadim, 
El-Halwagi, & Mahalec). The three most prevalent groups of algae used as 
oleochemical feedstocks are microalgae and include: a) Diatoms (nearly 100,000 
species that make up a majority of phytoplankton in salt and brackish waters). b) 
Green algae (largest taxonomic group, grow in many freshwater systems). c) Blue-
green algae (contain chloroplasts and are important to nitrogen fixation in aquatic 
systems). d) Golden algae (There are about 1000 known species able to store 
carbon as oil and complex carbohydrates) (C. Drapcho, et al., 2008). Microalgae 
production does not require fresh water or arable land used for cultivation of food 
crops. Consequently, desert climates largely unused and unsuitable for traditional 
crop cultivation could be employed for algae cultivation (Bart, Palmeri et al. 2010). 
Moreover, one of most important features of oil microalgae is its yield. They can be 
over 200 times more productive than oilseed crops. (Janaun & Ellis, 2010).  
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Microalgae can grow under autotrophic and/or heterotrophic conditions. In 
autotrophic growth, algae utilize sunlight as their energy source and carbon dioxide 
as their carbon source. Otherwise, certain species of algae can also grow under 
heterotrophic conditions. In heterotrophic growth, algae use a reduced organic 
compound as their carbon and energy source; however, only a few industrial 
heterotrophic processes are known, possibly due to a limited number of available 
heterotrophic algal species. For instance, Chlorella protothecoides, produced a 
higher lipid to biomass ratio when grown under heterotrophic conditions rather than 
autotrophic conditions (approximately 55 percent to 15 percent lipid to biomass) (C. 
Drapcho, et al., 2008). Otherwise, Chlorella vulgaris showed an increase in 
biomass production when the organism was grown under mixotrophic conditions. 
Mixotrophic growth is when the organism utilizes both the energy from the sun and 
the energy in glucose (C. Drapcho, et al., 2008). 
 
Different systems are used for microalgae growing such as natural lakes, ponds, 
constructed raceway ponds, bioreactors, and photobioreactors. However, Iarge-
scale commercial production of microalgae prefers both raceway ponds (open 
culture systems) and tubular photobioreactors (C. Drapcho, et al., 2008). Algae 
farms commonly use various types of outdoor or open raceway ponds (using 
systems similar to those employed for growing fish). Open ponds require relatively 
low investment but are sensitive to rainfall and drought, temperature fluctuations, 
high evaporative losses and pollution (e.g. takeover by low oil strains). In addition, 
introduction of CO2 is somewhat problematic and as a result these systems are 
less productive, due to a potential contamination and problem for harvesting algae 
(C. Drapcho, et al., 2008). On the other hand, in closed-loop or bioreactor systems, 
the algae can grow in a controlled environment, using a wide variety of operative 
options such as plastic bags, tubes, or fermentation reactors. For instance, a 
tubular photobioreactor is formed by arrays of straight transparent tubes, usually 
made of plastic or glass. They require a smaller surface than open cultivation 
systems, and process control and optimization of algal growth are improved (Bart, 
et al., 2010).  
 
Algae and microalgae have a higher photosynthetic activity compared with 
terrestrial plants. Indeed, Algae contribute with a substantial proportion of global O2 
production and CO2 fixation.  Due to this carbon fixing potential of microalgae, they 
can be used directly into carbon capture. Indeed, microalgae biomass contains 
approximately 50% carbon by dry weight; it is typically all derived from carbon 
dioxide (Bart, et al., 2010). Thus, microalgae biomass could be produced in large 
volumes using nutrient-rich waste streams such as the settling ponds of standard 
effluent management systems (EMS). Furthermore, the location of a microalgae 
system close to chemical and power plants, could lead to use of CO2 emissions 
sequestered as a substrate to obtain different added value products. 
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The photosynthetic growth of microalgae requires carbon dioxide, water and 
sunlight and under optimal conditions can double the biomass in 24 h. For 
oleochemical applications, one of most important factors is the lipid productivity. 
Indeed, most microalgae greatly exceed that of the best producing oil crops. The 
culture conditions and the species selection determine growth rate, fatty acid 
composition, and lipid productivity (see Table 2-1). In this sense, the growth media 
for microalgae must provide the inorganic elements that constitute the microalgae 
cell (mainly C, N, P and sometimes Si). The accumulation of oils in microorganisms 
is typically affected by C:N ratios, where N depletion results in accelerated 
triglyceride formation (C. Drapcho, et al., 2008). Temperature has also shown a 
significant effect on fatty acid profiles of microalgae oils. Lower temperatures may 
shift toward the accumulation of long-chain polyunsaturated fatty acids, but also 
can cause an overall reduction in growth rates and subsequently compromised 
total lipid accumulation (Drapcho, Nghiem et al. 2008). Hence, most of the 
microalgas achieve an oil content by dry biomass ranging (20–50 wt%), although 
diatom algae have 50 wt% and even some species under an accurate combination 
of culture conditions can reach 80%wt (Hu et al., 2008).  
 
Table 2-1 Oil content of different microalgae species 
Microalgal Species Oil content (% dry weight) References 
Anabaena cylindrica 4-7 (Miyamoto, 1997) 
Ankitrodesmus TR-87 28-40 (Santhanam, 2010) 
Botryococcys braunni 29-75 (Santhanam, 2010) 
Bracteacoccus minor 33 (Benemann, 2008) 
Chlamydomonas rheinhardii 21 (Miyamoto, 1997) 
Chlorella sp. 24-30 (Sharma, Singh, & Upadhyay, 2008) 
Cholorella protothecoides 45-65 (Sharma, et al., 2008) 
Clorella Vulgaris 27-33 (Benemann, 2008) 
Crpthecodinium cohnii 20 (Santhanam, 2010) 
Cyclotella DI-35 42 (Santhanam, 2010) 
Dunaliella tertiolecta 40 (Gouveia & Oliveira, 2009) 
Euglena gracilis 14-20 (Miyamoto, 1997) 
Hantzschia DI-160 66 (Santhanam, 2010) 
Monollanthus Salina 36 (Benemann, 2008) 
Nannochloris sp 48 (Benemann, 2008) 
Nannochloropsis 46 (Santhanam, 2010) 
Neocghloris oloabundans 52 (Gouveia & Oliveira, 2009) 
Nitzschia TR-114 39 (Benemann, 2008) 
Oocystis polymorpha 35 (Benemann, 2008) 
Prymnesium parvum 22-38 (Miyamoto, 1997) 
Phaeodatylum tricornutum 21 (Santhanam, 2010) 
Scenedesmus TR-84 42-50 (Gouveia & Oliveira, 2009) 
Schiochytrium 50-77 (Santhanam, 2010) 
Spirogyra sp. 11-21 (Miyamoto, 1997) 
Spirulina maxima 4-9 (Gouveia & Oliveira, 2009) 
Stichococcus 33 (Santhanam, 2010) 
Tetraselmis suecica 27-30 (Santhanam, 2010) 
Thalssiosira pseudonana 21-31 (Santhanam, 2010) 
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Depending on the species, microalgae produce many different kinds of lipids 
(though simpler than fish oils), hydrocarbons and complex oils. Similar to fish oils 
and animal viscera, many cultured microalgae and algae are potential sources of 
high-value nutraceuticals (Omega 3, DHA) and pharmaceuticals such as 
polyunsaturated fatty acids (PUFAs) (C. Drapcho, et al., 2008).  Indeed, cultivated 
microalgae can be a minor source of food for humans and animals, with a wide 
range of chemical compounds, such as phycocolloids, used in industry, food 
technology and pharmaceuticals. Certain algae even contain 30%wt of high value 
omega fatty acids. The Microalgae extraction residues are rich in protein with 
concentrations ranging from 15 to 71% according to algae. Protein rich algae 
residues could also be used as human food items or supplements. The 
Commercially grown algae spirulina is high in protein and starch but low in fat. 
Nevertheless, the appearance, digestibility, and taste might be impediments to 
customer acceptance (Herrero, Cifuentes, & Ibañez, 2006; Tran et al., 2010; Vilar, 
Botelho, & Boaventura, 2008). In summary, the market for microalgae products is 
still under creation, and the total worldwide production of microalgas is a few 
thousand tons per year, where most of the commercially produced microalgae and 
algae biomass is marketed as health food or dietary food supplement (Bart, et al., 
2010). 
 
For biodiesel production, high lipid species are desirable; but also before selecting 
particular specie, different considerations related to fatty acids profiles should be 
made. The chemical composition of algae differs based on species (Basha, Gopal 
et al. 2009).  Although, the average fatty acid profile of a typical microalgae 
includes oleic acid (36%), palmitic acid (15%), stearic acid (11%), linoleic  acid 
(8.4%) and remaining part  include different PUFAs (Gouveia & Oliveira, 2009). 
Microalgae oils with high PUFAs content require partial catalytic hydrogenation to 
reduce the extent of unsaturation and to be used for biodiesel production (Bart, 
Palmeri et al. 2010). Another important aspect is the commercial values of products 
different from biodiesel. For example, a high-fat species of algae such as 
Haematococcus is promising, but is fats have commercial prices around 2400 
USD/kg are too expensive for fuel purposes, compared to RBD palm oil, which has 
commercial  value of 1.2 USD/Kg. Finally, the production costs of microalgae are 
another important feature. The oil recovered from biomass in photobioreactors has 
a production cost of US$2.80/L. This value is still high compared to values for crude 
palm oil US$0.52/L. In this sense, a reduction is the production cost for algal oil 
from about US$2.80/L to US$0.48/L is a strategic objective to increase the 
sustainability of this oil as biodiesel feedstock, as is stated by different authors 
such as (Campbell, Beer, & Batten, 2011; Demirbas & Fatih Demirbas, 2011). 
Campbell et al. have proposed certain operation conditions, which might drive to 
reduce this production cost, such locate microalgae facilities close to power plants. 
Nevertheless, it is still required further development to critical operation issues 
such as energy consumption. 
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2.1.13 Waste cooking oils 
 
Waste oil includes residues from deep frying processes such as soap stocks, 
yellow and brown greases, obtained from restaurants, hotels and industries. There 
are enough waste cooking oils and fats generated in the United States as to 
produce approximately 18 billion liters of biodiesel per year [6]. In the United States 
the biodiesel made from waste cooking oil is known as McDiesel, because one 
large source of this oils is the McDonald’s chain of restaurants (Friedrich, 2004). It 
has been reported that waste oils still conserve most of its triglyceride groups, with 
chemical and physical properties very similar to those oils they initially originate 
from (Zhang, Dubé, McLean, & Kates, 2003). The free fatty acid content of waste 
cooking oils ranges between 10 and 25%, as a result of the frying process where 
heating in presence of air and light increase the viscosity and specific heat (Gui, 
Lee, & Bhatia, 2008). Waste cooking oils can be used as fuel, either directly in the 
engine after filtering or can be transesterified using short-chain alcohols to produce 
biodiesel and glycerin (Kocak, Ileri, & Utlu, 2007; Park, Sato, & Kojima, 2008; J.-X. 
Wang, Huang, Huang, Wang, & Huang, 2007). In a biodiesel production process, 
fats, moisture, proteins and animal fragments extracted from meats during the 
frying process are important components of waste cooking oils. These additional 
components negatively affect the process since additional purification 
pretreatments are required (Phan & Phan, 2008).  
 
An important feature of waste cooking oils as oleochemical feedstocks relies on the 
requirement of a recycling infrastructure, including at least restaurants, hotels and 
hospitals in order to collect enough amounts of feedstock. This task can be logistic 
challenge  and a possible delay for the usage of this raw material (Janaun & Ellis, 
2010; Körbitz, et al., 2003).  
2.1.14 Animal Fats and Oils 
Animal fats and oils are also a useful alternative as oleochemical feedstocks. 
According to their origin, final use and purity they have different values, application 
and availability. There are different types of animal and oils, but the most important 
for oleochemical industry are tallow, lard, and fish oil. Usually, animal fatty tissues 
are converted into useful feedstocks through a process known as rendering. The 
rendering process recycles animal and poultry by-products, including bones, trim, 
fat, offal and feathers into a broad range of commercial tallow (animal/vegetable 
fat) and protein products (meat and bone, poultry, feather, blood, fish and porcine 
meals) (Friedrich, 2004). Different grades of fats are produced by the rendering 
industry. They are classified according to different specifications including total fatty 
acids, free fatty acids, moisture, unsaponifiable, insoluble matter (Bart, et al., 2010). 
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Tallow oil is a rendered from beef fats obtained in slaughterhouses (Bart, et al., 
2010). Human consumption of tallow oil has a negative effect on health; 
consequently, these feedstocks are addressed fundamentally to industry. Tallows 
are used in the manufacture of products such as cosmetics, soaps, shampoo, 
candles, lubricants, paints, tires, perfumes, textiles, plastics, inks, polishes, 
cleaners and solvents. Different grades of tallow are produced to meet the varying 
needs. They are also an important source of fatty acids and glycerol for the 
chemical industry (J.A. Posada, Orrego, & Cardona, 2009). However, when its 
market is overloaded, this oil is incinerated or disposed in landfills (da Cunha et al., 
2009; S. Liu, Wang, Oh, & Herring, 2011). Therefore, due to their high cetane 
number (typically 56–62), good stability and low prices, the biodiesel production 
from these feedstocks has been considered The drawback of these feedstock is 
that it still requires a pretreatment in order to remove impurities and to avoid the 
production of methyl esters with poor cold temperature properties. 
 
Fish oils are comparatively more valuable than tallow and lard.  Fish oil has 
valuable properties for animal feed, aquaculture, pharmaceutical and cosmetics, 
and it usually worth more than biodiesel. The quantity of oil as a proportion of the 
body weight of the fish is significantly lower than those proportions found in 
oilseeds (Tacon & Metian, 2008). Fish typically may contain 2–10% oil. Fish 
production is extremely seasonal. Fish oil is a by-product of the fish meal industry. 
In value terms, however, fish oil assumes much greater importance, in particular in 
its refined but unhydrogenated form. Worldwide uses for fish oil includes: aqua feed 
56%, edible 30%, industrial 12%, and pharmaceutical 2%. Using hydrogenation is 
possible to remove the highly unsaturated (n-3) fatty acids (EPA and DHA) (Bart, et 
al., 2010; Fountoulaki et al., 2009). 
 
The compositions of animal fats change according to the type, origin and the 
geographic location of the species (at least for fish oil). A typical tallow oil have a 
45% unsaturated fatty acids and its triglycerides are defined by oleic acid (47%) 
palmitic acid (26%), stearic acid (14%), myristic acid (3%), other acids 
(7%).Conversely, a typical lard contains 62% unsaturated fatty acids and a profile 
of oleic acid (47%) palmitic acid (28%), stearic acid (14%), myristic acid (1%), other 
acids (10%). Finally, fish oils share important similarities in fatty acid composition 
which distinguish them from both vegetable oils and animal fats, namely, a wider 
range of chain lengths (C12-C26), higher degrees of unsaturation (D =4–6) and 
low levels of odd-numbered and branched chain fatty acids. Normally, they have 
significant contents of myristic acid (7–9%), palmitic acid (5–12%) and Gadoleic 
acid (5–17%) differentiate fish oils from most vegetable oils and fats and from 
animal fats. Equally significant quantities of eicosapentaenoic acid (EPA) and 
decosahexaenoic acid (DHA) are unique to fish oils (Bart, et al., 2010). 
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2.2 Oil extraction 
Selection of method for vegetable oil extraction relies on the type of Feedstock. 
Raw materials may be grouped according to the part of the plant that contains oil 
or fat (seed, bean, nut or fruit). The main difference in raw materials is the moisture 
content. Raw materials with low moisture content include seeds and beans and 
some nuts, which are dried on harvest; while oil palm fruit, olive fruits and some 
coconuts are processed wet (Bart, et al., 2010). Moreover, the extraction method 
also depends on the desired results. The choice of extraction method may have 
implications for uses and prices for both oil and meal. In this sense, if cakes have 
high market value, such soybean and maize meals press extraction method is 
preferred. The cold-press extraction method, leaves 8–13% of oil in the meal. The 
higher oil content of meals, and in some cases its omega-3 fatty acid content, 
might generate a price premium, or the higher oil, but also an oil content too high 
might lead to a discount, because the oil is not good for ruminants such in maize 
meals case. Conversely, solvent extraction recovers more than 90% of the oil from 
the seed, leaving very little in the meal (Bart, et al., 2010). 
 
An important by-product of oil extraction are oil cakes/oil meals. In general, oil 
cakes can be of two types, edible and non-edible. Edible oil cakes have a high 
nutritional value; especially when have protein content ranging from 15% to 50%. 
Their composition varies according to their variety, growing conditions and 
extraction methods. Due to their rich protein content, they are used as animal feed, 
of cattle, pigs and fish. Otherwise, non-edible oil cakes such as castor cake, 
jatropha cake, cottonseed cake are used as organic nitrogenous fertilizers, due to 
their N P K content. Some of these oil cakes are also used to increase the nitrogen 
uptake of the plant, as they retard the nitrification of soil. They also protect the 
plants from soil nematodes, insects, and parasites; thereby offer great resistance 
to infection (Ramachandran, Singh, Larroche, Soccol, & Pandey, 2007). 
2.2.1 Preconditioning stage 
As it was stated in previous sections, the oleochemical feedstocks are diverse and 
contain different materials including, oilseeds (e.g. palm, jatropha, soybeans), 
microalgae (e.g. chlorella vulgaris), waste oils, crude oils and even commercial 
RBD (refined, bleached and deodorized) vegetable oils. These feedstocks have 
different pretreatment requirements according to their features. Thus, seeds require 
an oil extraction process, while crude or waste cooking oils with different origins 
require a conditioning according to their free fatty acid (FFA) and water content 
(see Fig. 2-2). The pretreatment is an essential stage to ensure a good product 
quality, preparing the seed to release the oil and make more efficient the overall 
extraction process. In addition, according to feedstock's nature primary impurities, 
such as pigments, food residues, and other particles are simply removed by 
filtration or boiling, in the case of direct oils. 
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Fig. 2-2 Diagram of main pretreatment options in biodiesel production from different feedstocks 
 
Oilseeds must be prepared to release the contained oil, making more efficient the 
further extraction process (Akpan, Jimoh et al. 2006). For grains (e.g maize) an 
important factor, which affects the oil quality is the time between harvesting and 
processing, if it is too long degradation of triglycerides to free fatty acids might be 
induced. Consequently, if it is inevitable to store oilseeds, they must be conserved 
in dry recipes, in order to avoid the production of toxic aflatoxins (Haas and 
Mittelbach 2000). Next stage is drying process, where fresh fruit harvested from the 
field (oil palm fruits, olives) or harvested oilseed are first dried, in order to remove 
most of its moisture content until reach a 14%. The drying process is carried out 
either by direct sunlight or using a convective with hot air, last option, although is 
faster,  is a costing process mainly due to its energy and requirements (de Souza, 
Pacca, de Ávila, & Borges, 2010). After complete drying, oilseed must be 
dehusked, removing the cover husk from containing the oil seed. In this step, fruit 
loses between 15-45% of its initial weight. Then, seeds pass through a sieve 
system, where remaining husk particles and other odd materials are removed 
(Bachmann, 2001). For different oilseed is common to use mills, being hammered 
type the most-used method (C.A.  Cardona & C.E. Orrego, 2008). After these 
pretreatments the oleochemical feedstocks are ready for oil extraction process.  
  
2.2.2 Oil Mechanical Extraction 
Batch mechanical extraction, is usually performed using hydraulic press where 
pretreated seeds are loaded and pressed, usually at 4000 kgf. This extraction 
method requires an additional cooking stage, where oilseed temperature is 
increased with steam to values between 80-150°C, according to oilseed type. 
Oilseed cooking breaks alveolus, releasing the oil contained in them. Additionally, 
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in this step the proteins are coagulated, phospholipids are precipitated and other 
molecules such gossypols are destroyed (Kershaw, 1986; X. Wang, Howell, Chen, 
Yin, & Jiang, 2009). Last molecules are almost exclusively found in cottonseed and 
castorbean Then, the continuous mechanical extraction method uses one or 
various continuous screw press or expellers fed by a hopper. Better extraction 
efficiencies can be obtained for seeds with an oil content (>20%), and using two 
mechanical press in series (Khan & Hanna, 1983). 
 
2.2.3 Oil Solvent Extraction 
Another option for oil extraction is using solvents. In this method oilseeds must be 
dehusked before be treated. This operation usually employs organic solvents such 
as: hexane, heptane and petroleum ethers, in order to form a mixture named 
micelle, where solvent and extracted oil are contained. The mixture is then 
distillated at atmospheric pressure, is a separation favored bythe high difference in 
boiling temperatures of oil and solvent. Recovered solvent is then recycled to 
extraction stage. Continuous solvent extraction, can operate with co-current and 
countercurrent flow, being this last the mostly used method (Becker, 1978). 
2.2.4 Combined Extraction  
As it has been stated before, according to oil the content in seeds different 
feedstocks can potentially generate different vegetable oils amounts. Table 2-2 
summarizes some oil extraction rates with different technologies as well as oil 
content of different feedstocks. Here can be seen how cold press extraction 
methods can achieve higher extraction yields in some cases. Because of that, at an 
industrial scale is usual to combine mechanical and solvent methods. First 
extracting oilseeds with a mechanical press, reaching an extraction yield ranging 
over 20-40%. Then the oilseed cake, with a still high oil content, is treated with 
solvents reaching a yield ranging over 36-47% by stage. With this combined 
extraction, process is possible to obtain a total yield around 70-90%, related to the 
extracted oil over total oil (see Fig 2-3). 
 
From all extraction process added to vegetable oils are obtained press cakes. They 
are currently employed as raw materials in different bioprocesses for the 
production of chemicals and value-added products such as amino acids, enzymes, 
vitamins, antibiotics and biopesticides. However, those uses are restricted to edible 
oil cakes, which are recognized to have a high nutritional value, due to their high 
protein content. Non-edible oil cakes have been less investigated, and their uses 
are limited to organic fertilizers and biogas production. The husks, generated 
during dehusking of the seeds for obtaining the kernels, generally are of low 
economic value, and they are mainly disposed or burnt. In some cases, the husks 
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are used as solid fuel or as raw materials for activated charcoal production (Benge, 
2006; Martín et al., 2010). 
 
Fig. 2-3 General Combined Extraction Process of Vegetable Oilseeds. 
E-1: Dryer; E-2: Dehusk Machine; E-3: Conveyor1; E-4: Seed Heater; E-5: Mechanical Press; E-6: 
Mill; E-8: Centrifuge; E-9: Conveyor2; E-10: Solvent Storage Tank; E-11: Mix Tank; E-12: Solvent 
Heater; E-13: Solvent and cake Contact Tank 1; E-14: Solvent Distillation Column 1; E-15: Solvent 
and cake Contact Tank 2; E-16: Distilled Solvent Cooler 1; E-17: Solvent Distillation Column 2; E-
18: Distilled Solvent Cooler 2; E-19: Crude Oil Storage Tank 
 
Table 2-2 Oil extraction rates of main oilseed vegetable oils used in biodiesel industry 
 
 
Cold Press 
Extraction 
Yield (%) 
Solvent 
Extraction 
Yield (%) 
Oil 
Content 
(wt%) 
References 
E
id
ib
le
 O
il
 
Soybean 14.0% 14.2-18..0% 18.5% 
(Maier, Reising, Briggs, Day, & P, 
1998; Nikolić, Cakić, Novaković, 
Cvetković, & Stanković, 2009) 
Rapeseed 37.0% 35-40% 41.6% (Lääniste, Jõudu, & Eremeev, 2004) 
Sunflower 32.0% 9.4% 52.0% (SalgIn, Döker, & ÇalImlI, 2006) 
Palm 23-24% 22.0% 
Kernel 
(36%) 
Fruit 
(20%) 
(Mrema, 2002) 
Peanut 42,0% 19,0% 43,5% 
(Maier, et al., 1998; Nikolić, et al., 
2009) 
Corn 27,0% 25,0% 16,0% 
(Maier, et al., 1998; Nikolić, et al., 
2009) 
N
o
 E
id
ib
le
 
O
il
 
Jatropha 
Curcas 
49,0% 23,0% 27,0% 
(Maier, et al., 1998; Nikolić, et al., 
2009) 
Microalgae 87,0% 84,0% 59,0% 
(Maier, et al., 1998; Nikolić, et al., 
2009) 
Castor 57,0% 21,0% 40-60% (Mensah & Ochran, 2005) 
 
 
2.2.5 Oil Refining and Additional Oil Conditioning 
Refining stage is a process aimed to eliminate vegetable oil defects, such as high 
acidity, flavor, odor, inadequate coloring, turbidity, and free fatty acids. These 
defects should be removed because accelerates final oil product degradation, 
during its storage, and affecting industrial processing. Refining process includes: i) 
Settling and Filtration, to remove solid and colloidal matter; ii) Neutralization of free 
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fatty acids with Alkali; iii) Bleaching, to remove oil color and iv) deodorizing, with 
low pressure steam and v) odor removing (Ogunniyi, 2006). 
 
Biodiesel production from oleochemical feedstocks has some specific requirements 
for feedstocks, related to water and FFA contents. High values of these 
components affect the transesterification reaction and the process yield, inducing 
undesirable saponification reaction, which cause catalyst consumption, yield 
reduction and makes difficult further separation and purification of biodiesel 
(ASTM, 2003). Thus, feedstocks with water content higher than 0.6% must be 
carefully dried before be used in the process (Che Man, Haryati, Ghazali, & Asbi, 
1999). Conversely, when free fatty acids (FFA) content is higher than 4%, it must 
be eliminated. Among the alternatives commonly used to remove free fatty acids, 
can be counted: 1) Presterification, where free fatty acids react, with an alcohol, 
using an acid catalyst, aiming to convert FFA into biodiesel. 2) Neutralization, FFA 
are directly neutralized using a basic catalyst such as Sodium Hydroxide. 3) 
Distillation, after be added citric acid as an antioxidant FFAs are vacuumed 
distillated. The election of a method or other is made according to the catalyst used 
in transesterification and the added value of FFA. Additionally, different pigment, 
particle matter and other impurities must be retired, using filtration. 
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CHAPTER 3 
OLEOCHEMICAL 
PRODUCTS 
____________________________ 
3. Overview 
 
In this chapter, different aspects related to oleochemical derivates industry are 
summarized. First details of this industry in Colombia are presented. Then, main 
oleochemical derivatives and products are described. A special section for 
Biodiesel as the main oleochemical derivative is included. Finally, three important 
concepts for this thesis are introduced: Biorefineries, heat integration and 
cogeneration technologies.  
3.1 Introduction 
The tendency during last decade, different world markets have started to raise their 
consumption and consequently, production of oleochemical feedstocks and 
products. One of the main reasons behind this change in consumption patterns is 
the preference of consumer for natural and healthy products. Although this new 
tendency has affected the animal fats consumption, has conversely increased 
healthy vegetable oil consumption such as sunflower, soybean and canola. Another 
important factor is the current requirement of petrochemical products replacement, 
principally biodiesel, due to the production and consumption of this biofuel is being 
promoted by different mandates around the world. Conservative estimations of 
OECD-FAO expect that the share of vegetable oil consumption use for biodiesel 
production in the world reach a 15% in 2019 (OECD-FAO, 2010). However, for 
Colombian case based on current environmental concerns and area restrictions of 
planting growth rates, It is necessary that at least a 50% of palm oil be used in 
Biodiesel production, in order to meet current production targets (e.g B20 in 2020) 
and do not affect food security (UPME, 2012). Under this framework is expected 
that future demand of vegetable oils will increase, and consequently future 
production of oleochemical feedstocks. However, it is also expected that during 
next decade food industries continue as the most important use, which must be 
considered before project expansion on demand by effect of biodiesel mandates.  
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Another important feature of oleochemical feedstocks is the potential levels of 
substitution and competence among themselves. This situation can be seen mainly 
in the end oleochemical derivatives where different feedstocks provides same 
industries (e.g soybean oil, sunflower oil or palm oil provides cooking salad oil 
industries) (MINAGRICULTURA, 2004). The most important vegetable oils are 
used in food industry in cooking and salads oils, produced from soybean oil, 
sunflower oil, peanut oil and coconut oil. In addition, hydrogenated palm and 
coconut oil can be used as frying oils. Vegetable oils for human consumption are 
expected that grow in production from 105.7 to 172.2 million tons during 2008-2020 
period (CENIPALMA, 2009). Other oleochemical products such as lubricants, fatty 
acids, polyols is expected grows an average rate of 4.2%, from 11.2 million ton in 
2008 to 37.5 million tons in 2020 (CENIPALMA, 2009). 
 
3.2 Properties and composition of fatty 
acids 
The main components of the oleochemical feedstocks are triglycerides (90-98%). 
Remaining fractions are comprised by free fatty acid (generally 1-5% for edible, 5-
15% for no edible and up to 15% for waste oils)(Srivastava & Prasad, 2000), and 
proteins (phospholipids, carotenes, tocopherols, sulphur compounds) and traces of 
water (Kapur, Bhasin, & Mathur, 1982).  A triglyceride molecule consisted of three 
long-chain fatty acids attached to a glycerol molecule (Demirbas, 2008). In a 
triglyceride molecule the weight of glycerine is about 41 g, whereas fatty acid 
radicals are in a range from 650 to 790 g (Barnwal & Sharma, 2005; Murugesan et 
al., 2009). Glycerol (1,2,3-trihydroxypropane) is a prochiral molecule, where the 
carbons are numbered 1 to 3 from the top. The prefix sn- denotes a particular 
enantiomer. In an asymmetric environment, the sn-1 and sn-3 groups are not 
interchangeable and reaction will only occur at one position (Scrimgeour, 2005) 
(see Fig. 3-1). 
 
Source: (Scrimgeour, 2005) 
Fig. 3-1 Stereospecific numbering of glycerol backbone 
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Table 3-1 Fatty acid profile of certain oleochemical feedstocks 
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Common 
acronym 
C12:
0 
C14:
0 
C16:0 C16:1 C18:0 C18:1 C18:2 C18:3 
C20:
0 
C18:
1 
(OH) 
   
Palm 0.1% 0.7% 
35.9
% 
0.0% 6.6% 
41.1
% 
8.6% 3.0% 4.0% 0.0% 0.0% 
43.4
% 
(Gui, et al., 
2008) 
Peanut 0.0% 0.1% 8.0% 0.0% 1.8% 
53.3
% 
28.4
% 
0.3% 0.9% 0.0% 7.2% - 
(Chang & Liu, 
2009) 
Rapeseed 0.0% 0.0% 4.9% 0.0% 1.6% 
33.0
% 
20.4
% 
7.9% 0.3% 0.0% 
31.9
% 
9.3% 
(Canakci & 
Sanli, 2008) 
Soybean 0.0% 0.0% 
11.3
% 
0.0% 3.6% 
24.9
% 
53.0
% 
6.1% 0.2% 0.0% 
12.2
% 
4.3% 
(Gui, et al., 
2008) 
Sunflower 0.0% 0.0% 6.2% 0.0% 3.7% 
25.2
% 
63.1
% 
0.2% 0.3% 0.0% 1.3% 
11.6
% 
(Sarin et al., 
2009) 
Corn 0.0% 0.0% 6.5% 0.0% 0.6% 
65.6
% 
25.2
% 
0.1% 0.1% 0.0% 1.9% 
13.0
% 
(Peng et al., 
2008) 
Cottonseed 0.0% 1.0% 
22.0
% 
0.0% 3.0% 
19.0
% 
54.0
% 
1.0% 0.0% 0.0% 0.0% 
30.0
% 
(Peng, et al., 
2008) 
Jatropha 0.0% 0.0% 
14.2
% 
0.0% 6.9% 
43.1
% 
34.3
% 
0.0% 0.0% 0.0% 1.5% 
21.1
% 
(Peng, et al., 
2008) 
Karanja 0.0% 0.0% 3.7% 0.0% 2.4% 
44.5
% 
10.8
% 
0.0% 9.5% 0.0% 
29.1
% 
16.0
% 
(Naik, Meher, 
Naik, & Das, 
2008) 
Tallow 0.0% 4.0% 
29.0
% 
0.0% 
22.5
% 
40.0
% 
2.0% 0.0% 0.0% 0.0% 2.5% 
47.0
% 
(Canakci & 
Sanli, 2008) 
Castor 0.0% 0.0% 1.0% 0.0% 1.0% 1.7% 4.2% 2.6% 0.0% 90% 0.0% - 
(Gui, et al., 
2008) 
Microalgae 1.4% 0.7% 
14.6
% 
13.7
% 
1.4% 
18.1
% 
12.3
% 
15.8
% 
0.0% 0.0% 
22.1
% 
- 
(Gouveia & 
Oliveira, 2009) 
Waste 
Cooking Oil 
0.0% 0.0% 
12.0
% 
0.0% 0.0% 
53.0
% 
33.0
% 
1.0% 0.0% 0.0% 1.0% 
12.0
% 
(Phan & Phan, 
2008) 
 
 
Fatty acids are the most important constituents of triglycerides and the acid profile 
largely determines the properties and uses of the oil (Canakci & Sanli, 2008). 
Therefore, oleochemical feedstocks are characterized, according to fatty acid 
profiles and those are equivalent to triglyceride content of fat or vegetable oil (see 
Table 3-1). However, this fatty acid profiles answer to a distribution which changes 
acceding to their molar fractions. This feature makes that different potential 
triglycerides molecules can be formed attaching different fatty acids to glycerol 
molecule. For instance, with only two types of fatty acids, a total of eight triglyceride 
isomers are possible. These isomers are distinguished using simplified structures, 
named by the different fatty acids of triglyceride (e.g. Palmitic acid (P), Oleic Acid 
(O), Linoleic Acid (L), etc.). Thus, a structure 1-palmitoyl-2-linoleoyl-3-oleoyl-sn-
glycerol can be abbreviated as PLO. The number of isomer increases as the cube 
of the number of fatty acids. Consequently, even in oils with a simple fatty acid 
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composition, a high number of triglycerides isomers may be present. However, 
most of natural triglycerides do not have random distributions of fatty acids on the 
glycerol backbone. In vegetable oils, unsaturated acids predominate in sn-2 
position, with more saturated acids at sn-1 and sn-3. The distribution of fatty acids 
at the sn-1 and sn-3 positions is often similar, although not identical. However, a 
random distribution between these two positions is usually assumed. In animal fats, 
the type of fatty acid predominating at the sn-2 position is more variable; for 
example, palmitate may be selectively incorporated as well as unsaturated acids 
(Scrimgeour, 2005). Only oils with predominant content of a specific fatty acid have 
triglycerides with a single fatty acid class. They are known as monoacid of 
triglycerides, for example, olive, sunflower, and linseed oils can form OOO, LLL, 
and LnLnLn, respectively (Scrimgeour, 2005). 
 
The fatty acids are hydrocarbons, with chains length of 6 to 26 carbons and an end 
carboxyl group. These radicals can be found at different unsaturation degrees1. 
They are classified as saturated, unsaturated, monounsaturated, or 
polyunsaturated. Some examples are palmitic, stearic, dihydroxystearic (saturated) 
or oleic, linoleic, ricinoleic, palmitoleic, Linoleic (unsaturated). Moreover, 
triglycerides are classified according to the length of their fatty acids chain as 
follow: short-chain (SCT, C2-C5), medium chain (MCT, C6-C14) and long-chain 
(LCT, > C16).  The differences on properties among fats and vegetable oils, regard 
to structural changes in fatty acids such as chain length, unsaturations, position of 
double bounds and functional groups (e.g. hydroxyl). They  give different qualities, 
properties and potential final uses to oleochemical feedstocks, but allows to 
feedstocks with similar compositions interchangeably used (K. Shaine Tyson, 
Joseph Bozell, Robert Wallace, Eugene Petersen, & Luc Moens, 2004).  
 
Oleochemical feedstocks with high content of SCT and MCT are used for cleansing 
agents and cosmetics production. Examples of this category include palm kernel 
and coconuts with high lauric acid content. Feedstocks with saturated and 
unsaturated LCT (Palm, soybean, rapeseed, and sunflower oil, as well as animal 
fats such as tallow) are useful for polymer and lubricant applications (Hill, 2000). 
Saturated fatty acids are less desired for nutritional applications, in the industrial 
sector (cosmetics, softeners, lubricants, and others) such fatty acids are valuable 
raw materials (Bart, et al., 2010). For instance, in coconut oil and beef tallow the 
saturated fatty acid component accounts for some 50% or more of the total fatty 
acids. Specialty oil types has been developed to increase unsaturated acid content, 
such different grades of fatty acids derived from sunflower, including linoleic 
polyunsaturated acid,  or high oleic and linoleic acids (Mailer, 2004). 
Polyunsaturated fatty acids (PUFAs) show high nutritional properties and are 
essential to human health. However, polyunsaturated vegetable oils are less 
                                            
 
1 Unsaturation degree is the number of C=C bonds. It varies from 1 (olefins) to 5 
double carbon bond sites 
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suitable for biodiesel production due to high viscosities, but they can achieve 
higher market values being used in lubricant or cosmetic industries. The 
triglycerides molecules offer two potential reactive sites. The double bonds in fatty 
acid chain unsaturations and the acid group of the fatty acid chain. The most of the 
oleochemical reactions to obtain added value products are carried out on the 
carboxylic group (>90%) whereas oleochemical reactions involving the alkyl chain 
or double bond represent less than 10% (Hill, 2000). 
 
Although, oil content, quality, and composition changes according to the crop 
species or cultivar and upon the environmental conditions, the main factor which 
determines the final range of applications for an oleochemical feedstock relies on 
its fatty acid profile. Thus, the fatty acid profile of a given triglyceride added to their 
potential reactive sites, will influence the final applications of oleochemical 
feedstocks in different products and derivatives trough different processing routes 
(see Table 3-1).  
 
Vegetable oils with high stearic acid content are able to provide margarine type fats 
not requiring hydrogenation and the subsequent production of trans-fatty acids. 
Other oils such castor oil and tung oil have no common fatty acids such ricinoleic 
acid,  with no nutritive value but with useful industrial applications in lubricant 
industry or in polyols production (McKeon, 2005). Coconut oil contain laurate (12:0) 
which has excellent foaming properties and is used to make anionic surfactants 
which can replace equivalent petroleum surfactants, moreover Lauric acid from 
coconut provides a chemical feedstock for detergents  production (McKeon, 2005). 
Most food oils, such as soybean or canola, are composed primarily of five fatty 
acids (FA): palmitic, stearic, oleic, linoleic, and linolenic; those oils can also be 
used to produce surfactants, lubricants, inks, coatings, and polymers (McKeon, 
2005). However, since last decade one of primary platform chemicals for the 
oleochemical industry is biodiesel production and its demand influences supply and 
prices of other oleochemical derivative products (K. Shaine Tyson, et al., 2004). In 
addition, there are different oleochemical feedstocks with high amounts of a single 
fatty acid content (e.g Castor Oil, Coconuts Oil), due to this characteristic, they are 
nearly homogeneous. This feature is important for those applications which require 
the specific production of a derivative, such as lauric acid production from palm 
kernel oil or coconut oil, because purification costs are lower. (Martínez, 2006).  
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Fig. 3-2 Representation of Colombian Oleochemical Chain. 
 Adapted from tables reported on National Manufacturer Survey 2009. Own Elaboration based on 
values reported by (DANE, 2009) 
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3.3 Oleochemical derivatives industry in 
Colombia 
 
The oleochemical derivatives industry is an important sector for Colombian 
economy. It has different links and applications, being the most important its 
relations with food, biodiesel and lubricant industries.  A first link is established with 
animal feed industry where hulls and extraction cakes are employed to produce 
meals. Second link is with soap and cosmetic industries using free fatty acids 
recovered during oil extraction or refining, added to fatty acids obtained from 
triglycerides hydrolysis and biodiesel production. Finally, a third link is established 
with other industries such as bakery, biscuits, pickles, pharmaceutical, among 
others. In 2009, DANE (Departamento Nacional de Estadística) developed a 
national manufacturer survey. It reveled in Colombia, there are 134 industries 
dedicated to oleochemical transformation and production at different levels, 
generating 11,714 jobs with a net production of 3,700 Tons per year (DANE, 2009). 
These data highlight the importance of oleochemical chains on in Colombia mostly 
with relation to job generation (see Table 3-2).  
 
 
Table 3-2 Echelons considered for the oleochemical chain in Colombia 
Echelon 1 Echelon 2 Echelon 3 Echelon 4 Echelon 5 
Oilseeds and 
Fats 
Crude Oils, Extraction 
Hulls and cakes  
Refined Oils 
Final Oleochemical 
Derivatives from Oils 
Final Oleochemical Derivatives 
from Extraction Cakes 
 
 
In order to analyze the situation of oleochemical chain in Colombia, it was 
discomposed in five echelons (see Table 3-2). In each echelon products and raw 
materials are classified according to the final or intermediate uses as well as 
production technologies. In this representation (see Fig.3-2), the final products of 
each chain include oleochemical products and derivatives such as cooking and 
salads oils, margarines, butter, biodiesel, etc. The remaining elements are 
feedstocks and intermediates such refined oils or oilseed cakes. In addition, in this 
figure biodiesel production starts from refined oils because this kind of plants use 
crude oils, including a refining process in-situ. Finally, the olive oil chain was not 
considered, because it is directly imported as refined oil and used almost 
exclusively as food oil.  
 
 
In particular, the share of different elements of the Colombian oleochemical chain 
can be analyzed according to the values available to supply the internal market 
and exportations. Values of first echelon (oilseeds) were considered in previous 
sections.  
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Table 3-3 Supply of crude oils in Colombia 
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Chicken Fat-Crude 2,585 2,479 
 
136 933 14,562 13,230 
Pork fats-crude 1,552 743 
 
1,284 713 1,547 735 
Castor Oil-Crude 
    
40 3 38 
Chicken Fat-Refined 
    
117 449 99 
Coconut Oil-Crude 3 198 
 
7 19 3 17 
Cottonseed cake 13,468 13,563 
 
62 16,248 166 1,693 
Cottonseed Hulls 6,126 7,439 
 
3 244 38 172 
Cottonseed Oil-Crude 3,683 3,736 
 
35 286 642 294 
Cottonseed Residues 1,662 1,622 
 
167 1,535 442 1,497 
Fish Oil-Crude 49 43 
  
877 1,629 98 
Lineseed Oil-Crude 
    
147 600 14 
Maize Oil-Crude 3,477 3,534 154 52 385 996 669 
Other Oilseed Cake 
    
92 76 
 
Other Oilseed Oil-Refined 0 1 
 
0 34,965 38,545 33,996 
Palm Kernel Oil-Crude 58,684 56,661 2,487 2,334 46,467 81,828 45,784 
Palm Oil Cake 9,248 91,618 136 387 4,865 15,720 38,737 
Palm Oil extraction residues-Other 625 639 
 
1 8,595 595 8,595 
Palm Oil-Crude 547,532 51,428 156,458 1,279 439,161 78,323 444,189 
Peanut Cake 
    
5 4 5 
Rapeseed Oil-Crude 
    
15 52 21 
Oil extraction Residues 416 4,222 
 
940 181 1,258 1,246 
Sesame Cake 33 15 
 
37 
   
Sesame Seed Oil-Crude 2 2 
     
Soybean Cake 6,835 6,663 
 
430 434,739 45,546 45,911 
Soybean Hulls 1,627 164 
 
132 43 335 765 
Soybean Oil-Crude 
    
112,139 222,170 1,244 
Sunflower Cake 
    
58,473 3,560 49,398 
Sunflower Oil-Crude 
    
24,263 683 27,466 
Other Oilseed Oil-Crude 1,149 1,229 
 
85 253 6,894 226 
Total (Ton/year) 658,756 245,998 159,235 7,370 1,185,800 516,662 716,139 
 
The second echelon of oleochemical industry in Colombia is composed by crude 
oils and extraction products (see Table 3-3). This echelon is dominated by palm oil 
(65.56%), and palm kernel oil (8%) followed soybean cake (4.34%) and sunflower 
cake (4.06%). Remaining share is covered by other feedstocks. 
 
Table 3-4 Supply of refined oils in Colombia 
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Tallow Oil-Refined 29,619 27,527 
 
1,130 41,740 68,743 442 
Castor Oil-Refined 
    
95 458 94 
Coconut Oil-Refined 
    
290 1,298 259 
Cottonseed Oil-Refined 3,315 370 
 
117 8 35 9 
Fish Oil-Refined 14 14 
 
1 16 163 4 
Lineseed Oil-Refined 39 25 
 
7 12 54 7 
Maize Oil-Refined 3,315 293 
 
915 880 345 868 
Olive Oil-Refined 
    
1,427 9,268 1,374 
Peanut Oil-Refined 14 14 
     
Rapeseed Oil-Refined 
    
37 118 37 
Refined palm kernel oil and fractions 4,542 3,851 
 
262 6,682 12,786 6,284 
Refined palm oil and fractions 162,776 217,285 66,547 473 3,425 58,788 3,149 
Sesame Seed Oil-Refined 
    
18 120 17 
Soybean Oil-Refined 83,458 84,218 
 
3,394 8,700 25,752 8,735 
Sunflower Oil-Refined 16,738 16,773 
 
946 1,217 3,696 17 
Total (Ton/year) 303,831 350,370 66,547 7,245 64,545 181,624 21,294 
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This echelon (refined oils) is dominated by refined palm oil fractions (38.43%) and 
Refined soybean oil (35.65%) followed by refined sunflower oil (6.48%) (see Table 
3-4). These oils are used for edible applications due to their high nutritional values, 
being preferred for cooking, salad and frying oils. Additionally, palm oil fractions 
stearin and red olein find applications in bakery and pastry industries.  
 
Table 3-5 Final derivatives from vegetable oils 
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Salty Peanut 2,999 311 1,337 34 5 25 54 
Biodisel - B100 97,166 9,674 2,822 213 
   
Cetilic Alochol 44 68 60 2 1,754 15,257 1,765 
2-etilhexanol 
    
11 12 26 
Isodecanol 
    
1 1 2 
Cooking and Salad Oils 166,918 16,984 700 616 4,420 13,736 4,490 
Cottonseed linter 1,674 1,546 999 214 1,185 223 1,230 
Hydrogenated Vegetable Oils 1,543 14,135 2,334 4,619 66,152 21,124 6,641 
Lubricant Oils-Raw 544 53,724 13,546 2,465 4,236 266,499 45,462 
Margarine 6,247 620 
 
28 15,767 47,426 1,555 
Stearin 45,666 4,573 
 
2,279 26,442 542 22,726 
Toasted Maize 342 321 
 
22 34 258 46 
Peanut butter 42 36 17 9 182 594 177 
Vegetable oil wax 72 84 
 
0 277 2,819 271 
Butyl Ester 
    
2,292 8,797 2,116 
Lecithin 16 116 
 
36 2,424 7,126 1,978 
Pharmaceutical vegetable oils 91 83 
 
6 688 2,975 588 
Organic Acids 12 11 
 
1 325 77,948 26,253 
Fatty Acids 12,897 2,449 179 132 7,150 6,862 31,883 
Total (Ton/year) 336,274 104,737 21,993 10,677 133,347 472,223 147,265 
 
 
Third echelon considers direct derivatives of crude and refined oil, while fourth 
echelon includes derivatives from cakes and oil extraction residues (see Table 3-5). 
Among oil derivatives, this echelon is dominated by cooking and salad oils (36.9%) 
and Biodiesel (20.44%), Stearin (14.82%), Fatty acids including stearic acids 
(9.66%) and lubricants (4.03%).From cakes and oil extraction residues are obtained 
meals, brans and fertilizers (see Table 3-6). From these products the most 
important are Organic Fertilizers (N, P, K) (23.26%), Maize Meal and Bran 
(11.78%). Soybean meal and bran have a combined share of 1.18%. 
 
Table 3-6 Final derivatives from extraction cakes 
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Organic Fertilizer-K 353 347 
 
79 45 152 49 
Soybean Bran 325 3,263 
 
53 3 225 29 
Maize Bran 9,655 84,917 
 
11,838 1,575 8,542 11,313 
Maize Meal 134,863 132,854 19,767 4,958 1,325 63,263 99,727 
Organic Fertilizer-P 82,986 8,140 9,162 2,699 143 616 1,369 
Palm kernel Meal 31 31 
  
2,541 946 1,347 
Organic Fertilizer 68,249 7,448 470 897 6,872 184 6,863 
Soybean Meal 9,522 9,968 120 418 14,537 25,372 13,759 
Organic Fertilizer-N 395,536 393,445 5,914 43,925 76,888 57,199 6,875 
Total (Ton/year) 701,522 640,412 35,432 64,867 103,930 156,499 141,331 
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3.4 Oleochemical Products 
Oleochemical products are today widely used in the world in diverse applications. 
The most important applications are as food or replacing petrochemical products. 
In this sense, they have different advantages, including being more 
environmentally friendly than petrochemical products, able to operate at small and 
medium scales, be renewable and offer a continuous supply. The above 
advantages have boosted the world demand of oleochemical feedstocks. Indeed, it 
is expected during period 2000-2020 this sector grows at a rate of 5% per year 
(CENIPALMA, 2009). Most of oleochemical feedstocks used in the world are 
vegetable oils and their primary usage us as food. Nowadays the major 
consumption of vegetable oils in the world is found in China, India, United States 
and EU sharing 48% of world total vegetable oil consumption (OECD-FAO, 2011). 
In chapter 2, it was established how oleochemical feedstocks have different 
properties and features according to their origin vegetable, animal, marine, waste 
cooking. In this sense, they are used directly or after a transformation process.  
 
Direct uses include use of oilseeds as food. Generally, whole oilseeds are a source 
of fiber, phosphorus, iron and magnesium; many oilseeds are also a source of 
vitamin E (an antioxidant), niacin and folate. Whole oilseeds also contain 
phytoestrogens, a group of substances, including lignans and isoflavones. 
Phytoestrogens have a structure similar to the oestrogen hormone oestradiol and 
can bind to oestrogen receptors. Phytoestrogens may provide a protective effect 
against coronary heart disease, provided that they have been shown to a lowering 
effect on blood cholesterol. Additionally, some phytoestrogens may have 
antioxidant properties (McKevith, 2005). Oleochemical feedstocks such as peanuts, 
maize and toasted sunflower seeds are consumed around the world. Given these 
nutritional potentials, meals obtained after the extractions of edible vegetable oils 
are used as animal feeds (e.g. sunflower meal, soybean meal, Maize DDGS, etc.) 
(Saouter, et al., 2006).  
 
Direct use option also includes refined oils consumption. This option is employed 
with high-quality vegetable oils in cooking salads oils industry. Indeed, it is a 
common practice in developed countries to import crude vegetable oils, perform 
the refining process and then re-export premium vegetable oils or use them in their 
domestic markets. Vegetable oils do not contain the same levels of macronutrients, 
vitamins and minerals as whole oilseeds. In fact, apart from fat itself, vitamin E is 
the only nutrient present in appreciable amounts. Vegetable oils contain a range of 
phytochemicals (i.e. they are the main source of natural plant sterols in the diet). 
Plant sterols have a similar structure to cholesterol and hence diminish cholesterol 
absorption, reducing the circulating levels of total and low-density lipoprotein (LDL) 
cholesterol. Plant sterols can be present as free or esterified forms and the 
proportions vary (e.g.  free sterols dominate in soybean, olive and sunflower oil, 
while in rapeseed and corn oil free sterols accounted for only 30% of the plant 
sterols). Refining vegetable oils decreases the content of sterols (from 10 to 70% 
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depending on the oil and processing conditions used), thus decreasing their 
potential to lower serum cholesterol (McKevith, 2005).  
 
Oleochemical feedstocks can increase their added value by using different 
industrial transformations. In this sense, processing technologies are diverse and 
change according to product requirements and feedstock properties. These 
technologies include: a) unitary operations such as extractions, melting and 
blending. b) unitary processes, which allow based on chemical functionality of 
oleochemical feedstocks to modify physical properties or produce derivatives. In 
this sense, different chemical methods are employed such hydrogenation, 
interesterification, transesterification, re-esterification, among others (McKevith, 
2005). 
 
 As a result of this transformation different products of the oleochemical process 
can be obtained. They are classified in a general way in: fatty acids, fatty acid 
methyl esters, fatty alcohols and glycerol. Moreover, products with additional or 
different properties can be obtained carrying out hydrogenation reactions of double 
bounds (see Table 3-7).  
 
Table 3-7 Flowchart of oleochemical industry 
Raw Materials 
Oleochemical unit 
operations 
Basic 
Oleochemicals 
Derivative 
Operations 
Oleochemical 
Derivatives 
End-Use 
Markets 
Canola Oil Hydrolysis Fatty Acids Amidation Fatty Amines Candles 
Castor Oil Distillation Fatty Alkyl Esters Chloration Fatty Amides Cleaning Agents 
Coconut Oil Fractionation Fatty Alcohol Epoxidation Fatty Acid Sulphates Cosmetics 
Palm  Oil Hydrogenation Glycerol Ethoxidation Fatty Esters Detergents 
Palm Kernel Oil Esterification 
 
Sulfonation Polyols Fuel 
Rapeseed Oil Tranesterification 
  
Surfactants Lubricants 
Soyben Oil Saponification 
   
Paints 
Sunflower Oil 
    
Pesticides 
Tallow Oil 
    
Pharmaceuticals 
     
Soaps 
     
Textiles 
Adapted from: (Kaufman and Ruebush 1990) 
 
Base on these oleochemical products different oleochemical applications can be 
found, and they require a specific range of properties to be acceptable in a given 
application. Although, fractionation can be employed to recover specific valuable 
components from triglycerides, there are not feedstocks useful for all kind of 
applications covering food and industrial uses. For instance, soybean oil, canola oil, 
sunflower oil etc., accomplishes salad oil requirements, but they are unsuitable for 
surfactant production due to the length and degree of unsaturation of their 
hydrocarbon chains (Saouter, et al., 2006). Moreover, vegetable oils used as salad 
dressings must remain clear at 5°C and cooking salads oils require trans fatty acid 
content lower than 2% (Illingworth, 2002). However, the most important feature 
which influences the performance and application of an oleochemical feedstock or 
products is the degree of unsaturation. This property changes according to the 
carbon chain length and the molecular weight. In general, the higher the carbon 
chain length, the higher molecular weight and as a result the degree of 
 Analysis of Technological Schemes for the Efficient Production of Added Value Products from 
Colombian Oleochemical Feedstocks  
 
60 
 
unsaturation (Cox & Weerasooriya, 2003). Thus, the oleochemical products with a 
high degree of unsaturation require more oxidation stability to be used in food 
industry using hydrogenation reactions. Conversely, feedstocks with a high degree 
of unsaturation are useful for certain industrial applications. This feature is useful 
for the modification of oleochemical feedstocks such as polyols productions where 
according to the unsaturation level, a higher unsaturation of triglycerides drives to a 
higher OH content of the corresponding polyol, but this modification above a 
certain hydroxyl level the polyol has a high viscosity. In follow section, different 
basic oleochemical products are described, followed by a brief discussion on some 
of most important applications of this products in oleochemical derivatives. 
3.4.1 Fatty Acid 
The fatty acids (FAs) are carboxylic acids with long aliphatic tails. They are the 
primary components of the oleochemical feedstocks and determine the properties 
and quality of them. Nature has generated an high variety of fatty acids, with 
differences in chain length, number and position of double bonds and functional 
groups, which can be classified in four main classes: saturated, unsaturated, cis 
and trans. 
Table 3-8 Main fatty acids found in oleochemical feedstocks 
Structure Fatty acid Systematic name Formula Main sources 
C6:0 Caproic Hexanoic C6H12O2 Coconut, palm kernel 
C8:0 Caprylic Octanoic C8H16O2 Coconut, palm kernel 
C10:0 Capric Decanoic C10H20O2 Coconut, palm kernel 
C12:0 Lauric Dodecanoic C12H24O2 Coconut, palm kernel 
C14:0 Myristic Tetradecanoic C14H28O2 Coconut, palm kernel 
C16:0 Palmitic Hexadecanoic C16H32O2 Cottonseed, palm 
C18:0 Stearic Octadecanoic C18H36O2 Cocoa butter, tallow 
C20:0 Arachidic Eicosanoic C20H40O2  
C22:0 Behenic Docosanoic C22H44O2  
C24:0 Lignoceric Tetracosanoic C24H48O2  
C26:0 Cerotic Hexacosanoic C26H52O2  
C16:1 Palmitoleic 9-Hexadecenoic C16H30O2  
C18:1 Oleic cis-9-Octadecenoic C18H34O2  
C18:1 Elaidic trans-9-Octadecenoic C18H34O2 cottonseed, olive, palm, rape 
C18:1 Petroselenic cis-6-Octadecenoic C18H34O2  
C18:1-OH Ricinoleic 12-Hydroxy-cis-9-octadecenoic C18H34O3 Castor 
C18:1>O Coronaric 9,10-Epoxy-octadec-cis-12-enoic C18H32O3  
C18:2 Linoleic cis, cis-9,12-Octadecadienoic C18H32O2 corn, sesame, soybean, sunflower, 
linseed 
C18:3 a-Linolenic cis, cis, cis-9,12,15-Octadecatrienoic C18H30O2 linseed 
C18:3 Eleostearic cis,trans,trans-9,11,13-Octadecatrienoic C18H30O2  
C20:1 Gadoleic cis-9-Eicosenoic C20H38O2 high erucic rape 
C20:1-OH Lesquerolic 14-Hydroxy-cis-11-eicosenoic C20H38O3 fish and animal fats 
C20:4 Arachidonic 5,8,11,14-Eicosatetraenoic C20H32O2 fish and animal fats 
C22:1 Erucic cis-13-Docosenoic C22H42O2 fish and animal fats 
Source: (Bart, et al., 2010; Scrimgeour, 2005) 
 
Typical vegetable oils usually have 25–50 types of fatty acids present at 
meaningful levels with chain lengths of C8-C24, being the C16 and C18 the most 
common. Indeed, an important feature of naturally occurring fatty acids is that they 
almost entirely contain an even number of carbon atoms. Conversely, in animal fats 
the number of fatty acids is easily as high as 100.They are usually characterized by 
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high concentrations of saturated fatty acids, except fish oils which are rich in very 
long-chain polyunsaturated fatty acids (VLCPUFAs) (Gunstone, 2005). 
 
Fatty acid designations are based on the length of the acyl chain and the number 
and positions of double bonds. A frequently used fatty acid nomenclature is L:Dn – 
x, where L = chain length, D = number of double bonds and n – x = position of the 
ultimate double bond from the terminal methyl group. For instance, soybean oil 
contains about 20.7% C18:1n – 9c (cisoleic acid) and 1.22% C18:1n – 9t (trans-
oleic or elaidic acid). Alternatively, the position of the first carbon of a double bond 
counting from the carboxyl group is designated by delta (Δ), or the position of a 
double bond relative to the terminal methyl group is designated by omega (ω). The 
double bonds in naturally occurring fatty acids are almost all in cis(Z)-configuration 
and, therefore, a designation is only used in case of a trans(E)-isomer (Bart, et al., 
2010). 
 
Saturated fatty acids are gradually being banned for cooking purposes, in the 
industrial sector (cosmetics, softeners, lubricants, and others) the fatty acids are 
valuable raw materials. For industrial non-food applications such as oleochemicals, 
high amounts of a single fatty acid content in vegetable oils is of considerable 
value because processing costs for homogeneous or nearly homogeneous starting 
material would be reduced. Coconut, palm kernel and Cuphea oils are natural 
sources of medium-chain fatty acids (C8-C14). Certain natural medium-chain fatty 
acid producers accumulate just one triglyceride. The cis nature prevents 
solidification of the fat; trans-fats solidify more readily and may increase blood 
cholesterol levels. For human nutrition is recommended to reduce consumption of 
saturated fats such palmitic acid (C16:0) and increase polyunsaturated varieties 
(C18:2 and C18:3), and monounsaturated (C18:1) fats (Mailer, 2004). Nutritionists 
distinguish various fatty acid diets and currently insist on reduced trans-isomer 
content of hardstocks despite lack of scientific justification for a causal relation 
between high cholesterol levels and heart disease (see Table 3-9). 
 
Table 3-9 Nutritional fatty acids 
Diet    Exemplary nutritional component    Structure
a  
 
 w-3    Fish oil    20:5, 22:5, 22:6   
 w-6    Sunflower oil    18:2   
 w-9    Olive oil    18:1   
 w-6/w-9    Argan oil    18:1, 18:2   
 Saturated    Coconut oil    £14:0   
 axx:y indicates xx carbons in the fatty acid chain with y double bonds.   
 
Fatty acids produced using a hydrolysis reaction where triglycerides molecules 
release three fatty acids and one glycerol molecule (see Fig.3-3). 
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Fig. 3-3 Hydrolysis reaction of triglycerides 
 
Fatty acids and their derivatives find utility in a large number of applications. 
However, there is no one single application that consumes the most of FA 
produced. Fatty Acids can be used directly or in the production of soaps, lubricants 
and greases, and chemical intermediates such as esters, ethoxylates and amides. 
These three important classes of intermediates are used in the manufacture of 
surfactants, emulsifiers, detergents, alkyd resins, polyamides, additives 
(plasticizers, stabilizers), high-performance coatings, paints and varnishes, 
dispersants, corrosion inhibitors, adhesives, paper, cosmetics, pharmaceuticals, 
water repellents and fuels. Surfactants are the most important oleochemical outlet 
for fatty acids (Bart, et al., 2010). 
 
There are essential fatty acids (EFA) content in some oleochemical feedstocks, 
they are α-linolenic acid and linoleic acid. From these two fatty acids, the body can 
make all the fatty acids it needs. Moreover, α-linolenic acid can be used to produce 
the long-chain n-3 eicosapentaenoic acid (EPA) and docosahaexanoic acid (DHA). 
However, these two fatty acids are present in fish oils and some species of 
microalgaes in large quantities (McKevith, 2005). EPA and DHA are known due to 
their capacity to reduce both thrombotic tendency and hyperglyceridemia (Shaw, 
2002). 
3.4.2 Fatty Alcohol 
Fatty alcohols are aliphatic alcohols of long carbon chains. They usually have even 
number of carbon atoms and a single (-OH) alcohol group attached to the terminal 
carbon. In addition, they can be found as unsaturated or branched alcohols (Kanya, 
Rao, & Sastry, 2007).  Fatty alcohols can be produced from renewable raw 
materials, like oils and fats, and from nonrenewable petrochemical raw materials 
(Hövelmann, 1994). This is one of main examples of the shift from a petrochemical 
production to an oleochemical production. Since the decades of 1950-1960s 
Natural alcohols started to be favored in the cosmetic and toiletries industry. Then 
in the decade of 1970s  with petrochemical prices soared, the production of natural 
fatty alcohols has increased (Kaufman & Ruebush, 1990). Indeed, twenty years 
ago 60% of fatty alcohols had petrochemical origin, but today these proportions 
barely reach 30%, as a consequence of increasing in petroleum price and the 
development of oleochemical industry promoted by biodiesel consumption. 
 Analysis of Technological Schemes for the Efficient Production of Added Value Products from 
Colombian Oleochemical Feedstocks  
 
63 
 
 
 
Fig. 3-4 Main oleochemical routes for fatty alcohol production 
 
Fatty acids and fatty methyl esters are intermediates in fatty alcohols production 
(see Fig. 3-4). The election of one of this intermediates affects the process 
configuration. Thus, fatty acid process requires first a high pressure hydrolysis 
reaction of triglycerides followed by esterification, while methyl ester route uses 
direct transesterification of triglycerides (Cripps & Tarling, 1997). Nevertheless both 
process requires as final step a catalytic hydrogenation reaction in a fixed bed 
reactor to obtain the final fatty alcohol. Ni/Al2O3, Cu Zeolites catalyst, and recently, 
co–catalyst of Cu/Al2O3 - Indium are employed in this final stage (Onyestyák, 
Harnos, & Kalló, 2012). Most of the fatty alcohols manufactured in the world 
(especially C12 and higher alcohols) are used in surfactants and cleaning supplies. 
Recently, fatty alcohol-based surfactants have increased their used in the 
detergent market due to their excellent washing properties and superior 
biodegradability compared to conventional detergents made from petrochemical 
feedstocks. In detergents polyols have a dual role: i) anionics, in the form of fatty 
alcohol sulfate or fatty alcohol ether sulfate,  and ii) nonionics, in the form of fatty 
alcohol ethoxylates (Jon Van Gerpen & Knothe, 2008; Hövelmann, 1994). Different 
alcohols are obtained according to the employed feedstock. From rapeseed oil are 
obtained higher alcohols (C20-C22), while intermediate alcohols (C16-C18) are 
produced from tallow oil, finally shorter alcohols (C12-C14) are produced from 
coconut and palm oil.  
 
The most consumed fatty alcohol in Colombia is Cetyl alcohol. It is also known as 
1-hexadecanol or palmityl alcohol, and is produced from palm oil and coconut oils, 
it is used as opacifer in shampoos and as emulsifier in cosmetics. 
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3.4.3 Fatty Alkyl Ester 
Synthetic esters are generally obtained from branched alcohols and long-chain 
fatty acids. Long-chain esters with several branching sites exhibit good low-
temperature properties and resistance to hydrolytic degradation (McKeon, 2005). 
The primary method of production for alkyl esters is transesterification of 
oleochemical feedstocks with alcohols. The second method is a two-step process. 
The first step is splitting (hydrolysis) the raw material, and the resulting fatty acid is 
then esterified with an alcohol. First method is preferred due to its comparative low 
energetic consume, in addition this method allows to obtain a mixture free of water. 
Nowadays, the most important direct use of fatty alkyl esters is as methyl and ethyl 
esters employed directly as biodiesel fuel. Moreover, isopropyl esters are used as 
emollients and plasticizers. However, these oleochemical products have been 
widely used as intermediates in the manufacture of other products. Fatty alcohols, 
esterquats and alkyl ester sulfonates (used as surfactants) are produced from fatty 
esters (Jon Van Gerpen & Knothe, 2008). The use of methyl esters competes with 
fatty acids as main oleochemical intermediate and as starting materials different 
oleochemical derivatives. Fatty acid methyl ester (FAME) are obtained as the main 
product of transesterification reaction. Thus, FAMEs have become extensively 
available and are produced with high purity. This has open new pathways to the 
synthesis of oleochemical products, such as epoxidized FAMEs  and, also, 
lubricants  have recently been producing branched chain derivatives, partially 
hydrogenated and, also, diesters through the chemical modification of FAMEs and 
fatty acids (Campanella, Rustoy, Baldessari, & Baltanás, 2010). 
3.4.4 Glycerol 
Glycerol is a trihydric alcohol C2H5(OH)3, which is more accurately named 1,2,3-
propanetriol. Glycerol is obtained from triglycerides, which are glyceryl esters of 
fatty acids. Coconut oil contains approximately 13.5% glycerol, the highest among 
commercial fats and oils. The glycerol contents of other fats and oils range from 9 
to 12% (Gervajio, 2005). The glycerol produced in the world historically was 
relatively small, but it has significantly been increased first due to worldwide 
construction of fatty alcohol plants and increase on biodiesel demand (Schroeder, 
2005). However, glycerol does not represent anymore a significant benefit for the 
oleochemical industry due to its low price as consequence of the growing market of 
biodiesel. For example, the glycerol production has been increased 400% in a two 
years period and its price consequently fell down near to 10 times during the same 
period of time (J.A. Posada & C.A. Cardona, 2010). These low prices lead to 
traditional producers such as Dow Chemical and Procter & Gamble Chemicals to 
shut down their glycerol production plants. On the other hand, due to the impact 
that glycerol sales have on the profitability of biodiesel industry, it is reasonable 
that low prices of glycerol could affect negatively the economy of the biodiesel 
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producers (John A. Posada, Luis E. Rincón, & Carlos A. Cardona, 2012b; Yuan et 
al., 2010). 
 
Glycerol is a byproduct of different processes used to modify oleochemical 
feedstocks. These processes are: hydrolysis, saponification and transesterification. 
i) Hydrolysis (splitting) of fats and oils produces fatty acid and glycerol. This 
reaction is performed under high pressure and temperature. The concentration of 
glycerol in the resulting sweetwater is 10–18% and gets its name from the 
characteristic sweet taste imparted by the glycerol. ii) Saponification of fats with 
sodium hydroxide (sodium chloride , NaOH), yields soap, spent soap lye containing 
8–12% glycerol, water, sodium chloride (NaCl), and other impurities (Schroeder, 
2005). According to the process of saponification and soap washing, the 
concentration of the glycerol varies greatly. iii) Transesterification results in the 
displacement of the glycerol from triglycerides when fats and oils are reacted with 
methanol in the presence of a catalyst to produce methyl esters; in this process, 
glycerol concentration in excess of 90% can be obtained because this is basically a 
dry reaction (Gervajio, 2005; Schroeder, 2005). 
 
Glycerol has been traditionally used in the production of pharmaceuticals, 
cosmetics, resins, food, beverages, tobacco as well as cellophane and explosives. 
This feedstock might also be employed in detergent production (only in special 
cases), for example, in liquid detergents and fabric softeners (Hövelmann, 1994). 
However, Glycerol is a byproduct of different processes, consequently it must be 
purified previous a further processing according to the specific requirements of the 
process. Different applications are able to use crude glycerol (88 wt %) which is 
obtained by water evaporation of the streams obtained during saponification, 
hydrolysis or transesterification processes. However, a glycerol with higher purity 
(99.7 wt%) known as glycerol USP grade is required by pharmaceutical and 
cosmetic industries. In order to obtain this purity is required a further refining 
process using an ion exchange resin which removes the triglycerides still contained 
in the mixture (J. A. Posada & C. A. Cardona, 2010) . Due to the glycerol versatility 
(chemical reactivity), this compound can be transformed to added-value products 
by different chemical reactions such as oxidation, reduction, decomposition, 
gasification, pyrolysis or biochemical routes, including syn-gas, acrolein, and 1,2-
propanediol, ethanol, 1,3-propanediol, D-lactic acid, succinic acid, propionic acid, 
and poly-3-hydroxybutyrate (John A. Posada, et al., 2012b). 
3.4.5 Oleochemical derivatives 
Oleochemical products discussed in last section can be used directly within the 
industry in different applications (e.g. fatty alkyl esters as Biodiesel). However, they 
can also be employed as intermediaries of other added value products known as 
oleochemical derivatives. In this section, some of most important derivatives are 
discussed. 
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The polyols are alcohols containing multiple hydroxyl groups. Examples of 
commercial polyols are polyesters, polyethers, as well as castor, and soybean 
based polyols. Among these commercial polyols, renewable, agricultural-based 
polyols are used to replace petrochemical-based polyols to meet “green chemistry” 
and “sustainability” goals of urethane consumers (Kiatsimkul, Suppes, & Sutterlin, 
2007). Polyols have good wetting properties and produce relatively low foam. They 
are highly effective at low temperature and low concentration. Polyols can be 
directly used as textile auxiliaries, in dishwashing liquids, degreasing products, and 
liquid cleaner formulations. However, the main application on polyols is as 
intermediates in the production of polyurethanes and surfactants (Gervajio, 2005). 
 
The polyurethanes include polymers, which contain a significant number of 
urethane groups (–HN–COO–).They represent an important class of thermoplastic 
and thermoset polymers, due to their mechanical, thermal, and chemical properties 
can be tailored by the reaction of various polyols and polyisocyanates (Zia, Bhatti, 
& Ahmad Bhatti, 2007). Most of current polyurethanes production has 
petrochemical sources. However, oleochemical feedstocks has been promoted as 
renewable. Polyurethane production requires multiple hydroxyl functionality, 
because of that polyols are considered to be obtained from renewable polyols. In 
U.S more than 2.4 million Tons/year of polyols are used in polyurethane production 
(Guo & Petrovic, 2005).  
 
Surfactants are compounds used to reduce the surface tension of a liquid, 
interfacial tension between two liquids or a liquid and a solid. Surfactants are major 
components in emulsifiers, foaming agents and detergents as foam control agents. 
Moreover, surfactants are the major cleaning components of high density liquid 
detergents formulations, contributing to the stain removal process by increasing the 
wetting ability of the fabric surface and stains (Hövelmann, 1994; Shaw, 2002). 
There is a balance between oleochemical and petrochemical as sources for 
surfactants, if soap is included. For instance, among major surfactants, soap is 
completely based on oleochemical feedstocks, while alkyl benzene sulphonates 
are completely based on petrochemicals. According to the source the surfactants 
have some minor chemical differences. Oleochemical based are always linear and 
even-numbered, while petrochemical based contains branched hydrocarbon 
chains, and more complex groups attached to main chain (e.g benzene rings). 
However, highly branched chains affect biodegradation and they have been 
eliminated from cleaning product formulation in many parts of the world (Saouter, 
et al., 2006).  
 
Oleochemical surfactants can be produced using fatty acids, fatty alkyl esters or 
fatty alcohols. They are obtained mainly from triglycerides of tallow oil, palm oil, 
palm kernel oil or coconut oils. However, others feedstocks such as soybean oil or 
rapeseed oil are largely unsuitable as feedstocks for surfactant production due to 
their high saturation degree (Shaw, 2002). The main surfactants and emulsifiers 
derived from triglycerides are fatty alcohol sulfates, fatty acid esters, 
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alkylglucosides and ethoxylated fatty acid methyl esters. They are mainly classified 
into anionic (alcohol sulphates and ethoxy- sulphates) and nonionic surfactants 
(ethoxylates)(Gallezot, 2007).  
 
Some oleochemical applications require to recover triglycerides without major 
chemical modification of triglyceride structures. This task can be performed 
considering that according to the fatty acids attached to glycerol molecule, they can 
for groups of triglycerides with similar properties, known as fractions. They can be 
recovered similarly using physical method known as fraction (Brunner & Machado, 
2012). The main methods for this unitary operation are Dry fractionation, and 
Solvent fractionation.  
 
In dry fractionation process high and low melting triglycerides are separated by 
partial crystallization, followed by filtration (Zaliha, Chong, Cheow, Norizzah, & 
Kellens, 2004). This method does not use external elements avoiding unnecessary 
contamination of products. Last is important for food and bakery industry 
applications (Chaleepa, Szepes, & Ulrich, 2010). Moreover, this method provides 
stability to final products, through increasing melting points and solid fat content 
(Chaleepa, et al., 2010). The crystallization process of fats can be divided into three 
basic steps: super cooling of the melt, formation of crystal nuclei and crystal 
growth. The crystal shape and size distribution are determined by the way the 
melted oil is cooled and agitated (Zaliha, et al., 2004). The earliest form of 
fractionation was called winterization, simply because tanks of semisolid fats were 
left quiescent over the northern winter, removing liquid olein in the top of the tank. 
Nowadays, the term "winterization" is used for the process of crystallizing wax 
esters that occur in oils such as sunflower oil. Practices similar to this are used in 
modern commercial fractionation to crystallize waxes, which are then separated 
from the oil by filtration or centrifugation (Illingworth, 2002). Probably the most rapid 
growth of the application of dry fractionation has occurred in the dairy industry over 
the past 30–40 years. The physical properties of anhydrous milk fats and butter 
have many disadvantages compared with modern margarines, which can be 
formulated precisely for a given application, be it for specialist bakery use or for 
spreading  (Wright, Batte, & Marangoni, 2005) 
 
Solvent fractionation is the most efficient of all the fractionation processes, but 
also the most expensive. The crystallizers used for solvent fractionation may be 
scraped-surface heat exchangers (SSHEs). Then, the miscella of melted fat and 
the solvent pass through the SSHE. There the high shear and temperature 
differential and relatively low viscosity encourage rapid crystallization. The most 
important aspect of solvent fractionation is the washing stage during filtration, 
which allows entrained triglycerides in the extraction cake to be washed out into 
the filtrate stream. Horizontal belt filters allow the filter cake to be washed after the 
main filtration (Illingworth, 2002). Solvent fractionation was also applied to 
separation of alkyl esters. Soybean oil methyl esters have been successfully 
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fractionated from acetone, isopropanol and hexane solvents (Knothe & Dunn, 
2005). 
 
3.4.6 Biodiesel 
Biodiesel is defined as a clean-burning fuel with low viscosity and pour point. It is 
also non-toxic, biodegradable and environmentally friendly due to its comparative 
low emissions and reduction in the production of SO2 (Shahid & Jamal, 2008). This 
biofuel is composed by fatty alkyl esters produced using different chemical routes 
according to the initial feedstock (Scrimgeour, 2005). Nowadays, biodiesel is the 
most important oleochemical derivative in the world by production and 
consumption values. 20 years ago the main oleochemical derivatives were 
surfactants and lubricants consuming more than 40% of total oleochemical 
feedstocks. However, since the early 2000s, biodiesel production has started an 
important expansion promoted by different biofuels mandates and consumption 
incentives around the world, added to higher crude petroleum prices and an 
increasing in diesel fuel consumption (Larson, 2008; OECD-FAO, 2011). This 
situation drives to become biodiesel into one of main driving forces of oleochemical 
feedstocks markets, affecting also the demand of oilseeds and its products.  In 
2008 a temporary reduction on fossil fuel prices added to weak support polices 
drives to slow down the expansion of this industry. However, after this period fossil 
prices started to increase again and biodiesel industry recovered its impetus. 
(OECD-FAO, 2011). In 2009 world Biodiesel production reached a value of 17 
million Liters and it is expected by 2019 global biodiesel will be increased to almost 
41 billion of liters, due to increasing mandates, supplemented by tax concessions 
and other forms of support.  
 
Different positive characteristics are related to Biodiesel: improvement of the 
environment, reduction of foreign oil importations, encouraging the use of 
renewable resources, added to its capacity to use existing fuel distribution 
networks and current engine technologies. Moreover, the development of a 
biodiesel industry is able to increase the job generation and incomes promoting 
energy self-sufficiency in rural areas (daCosta, Silva, Yãnez, & Torres, 2007; 
Escobar et al., 2009). Worldwide Biodiesel production is growing, in 2030 is 
expected to reach above 50 billion liters and with improves in its feedstock yields 
be close to 600 billion liters (ENERS, 2011). As a result, biodiesel has an increased 
its potential market, this can be classified according to its end-use applications in: 
transportation, non-road applications (mining, forestry, construction, etc), marine 
and extent space heating (Alabi, Tampier, & Bibeau, 2009). However, not all the 
above-mentioned advantages are reached for all biodiesel feedstocks. Edible crops 
have food competition, which may lead to food shortages and increase in their 
prices. Moreover, an expansion of these crops, requiring monoculture plantation, 
affecting water resources and biodiversity (FOE, 2006; Vasudevan & Briggs, 2008).  
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Each country has different feedstocks preferences for biodiesel production, 
influenced by factors such as geography, climate, economics, soil conditions 
availability and local policies determine the final selection of a biodiesel feedstocks 
conditions (Barnwal & Sharma, 2005; Srivastava & Prasad, 2000). An example of 
this is while in Argentina soybean is the preferred raw material for biodiesel 
production due to its low cost, in China this feedstock it is not accepted as biofuel 
due to the high demand of soybean oil from traditional Chinese cooking habits 
(Beckman & Junyang, 2009). This situation has promoted the use second 
generation feedstocks (e.g. Jatropha, Castorbean and Karanja) in countries such 
as India and Brazil (Dufey, Vermeulen, & Vorley, 2007). In the same way, other 
alternative feedstocks different than crops are used in Japan (Waste Cooking Oils), 
Canada and Australia (Tallow and animal Fats) (Bhattacharyya, 2011). 
Nevertheless, still today the most widely spread biodiesel feedstocks are mainly 
edible vegetable oils. United States, and Argentina mostly employees soybean oil, 
European Union countries use rapeseed oil; and tropical countries as Malaysia, 
Indonesia, Nigeria and Colombia prefer palm oil (Murphy, 2009; Sharma, et al., 
2008). Optimistic scenarios establish that biofuels can potentially displace up to 30 
billion liter of petroleum by 2030, covering only 4% of global road-transport fuel 
demand (IEA, 2011; K. Shaine Tyson, et al., 2004). During next decade according 
to projections from OECD-FAO, the world vegetable oil production will be 
increased a 40%. Particularly, palm oil production will remain very concentrated 
with Malaysia and Indonesia sharing 85% of world production. Moreover, It is 
estimated in 2019 reach a share of vegetable oil consumption used for biodiesel 
production increased from current 9% to 15%, representing a 130% increase 
(OECD-FAO, 2010).  
3.4.7 World Biodiesel Production 
Biodiesel production is still most expensive than fossil-based fuels. Consequently 
their viability depends on policy interventions by governments, and further 
development of petroleum prices. In this sense mandates and subsidies are 
important for the future development of this industry.  Most of biodiesel initiative 
programs around the world can be classified in two types: i) Mandates (binding) or 
targets (no binding) on biofuel consumption and fuel blending standards. These 
measures allow to create markets for biodiesel and potentialize its consumption 
(Kojima, Mitchell, & Ward, 2007; K. Shaine Tyson, et al., 2004). ii) Subsidies to 
biofuels and feedstocks producers in the form of tax concessions and direct tax 
subsidies, which are often combined with preferential tariffs and limits to 
importations. These initiatives added to supporting research and development 
programs, promotes the sustainable and continuous supply of biodiesel and its 
feedstocks, as well as using of cars moved with 100% biodiesel (Kojima, et al., 
2007; von Lampe, 2006). 
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The European Union is the main player of biodiesel industry. In 2009 they were 
responsible of more than 10 million Liters, sharing 57% of world production 
(ENERS, 2011). France targeted 5.75% biofuels in 2008 and 10% in 2015. 
Germany established a target of 4.4% biodiesel in 2007, increasing to 5.75% in 
2010. Italy mandates 1% blend for biodiesel in 2006; and since 2007, the European 
Commission proposed a 10% target by 2020 (IEA, 2007). In this sense, the 
European Union, since December of 2008, has started the “20/20/20” plan for 
biofuels. This plan is addressed to reach by 2020 a target of 20% reduction in GHG 
emission (compared to 1990 levels), with an 20% increase in energy efficiency and 
a 20% of internal use of renewable energies. Last objective has been established 
for whole European Union. However, some state members expects to reach higher 
levels, Sweden (49%) or lower lever levels, Malta (10%), according to its economic 
situation (Flach, Bendz, Lieberz, Dahlbacka, & Achilles, 2009).  Consequently, in 
the EU, total biodiesel use is expected to reach alone almost 24.4 billion of liters by 
2019 given mandates and tax reductions (OECD-FAO, 2011). Other major players 
on biodiesel production are located in America.  
 
In North America the United States reached in 2009-2010 a production of more 
than 1.6 million of liters, drive by market in expansion and mandates set by the 
Renewable Fuels Standard (RFS) and the Energy Independence and Security Act 
(EISA) of 2007.  During next decade, the EISA-RFS mandates a production target 
136 billion liters of biofuels (ethanol and biodiesel) by 2022 (Crago, Khanna, 
Barton, Giuliani, & Amaral, 2010). Canada started more recently the use of 
biodiesel, since 2011 is operating a B2 mandate for all transport diesel with a 
production about 250 million liters (IICA, 2010). Domestic production of Canadian 
production is expected reach 765 million liters by 2019 (OECD-FAO, 2011). 
Biodiesel industry in Mexico is relatively new and has started to be supported with 
the Promotion and Development of Biofuels in 2008 (SAGARPA, 2010). This 
mandate was designed first to implement different blending levels (B5, B12, B50) 
in most populous cities of Mexico City, Guadalajara and Monterey (Chavez, 2009). 
Moreover, it was considered the exportation potential to US and EU as the biggest 
markets either as a refined or even as a raw product. However, the growing of this 
industry is still slow due to lack of subsidies and public demand, reducing the 
market feasibility of biodiesel in Mexico (Kotrba, 2010). 
 
Biodiesel in South America has strong internal demand, supported by mandates 
and rural development policies. This framework along with growing on exportation 
markets has boosted this industry. Argentina and Brazil, are among the top five 
biodiesel producers countries in the world. Argentina shares 7% of world biodiesel 
production reaching a value of 1.34 billion liters in 2009 (OECD-FAO, 2010). 
Argentina is a net exporter of biodiesel, mainly shipped to Europe the current 
biodiesel mandate establishes a blending B5 and fair pricing structure, but also it 
allows to producers to choose whether they prefer to export the fuel or sell it in the 
domestic market. In this country future mandates expect to raise blend to B7-B10 
(Kotrba, 2010). In contrast to Argentina, all the biodiesel produced in Brazil is 
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consumed domestically. Since 1970s this country has been promoting biofuels 
production. Indeed, during 1980s petroleum crisis was encouraged the extraction of 
vegetable oils for biodiesel production with the national program (PRO-ÓLEO); The 
long-term goal of this program was the complete substitution of fossil diesel by 
biodiesel from vegetable oils. However, due to a still immature biodiesel production 
technology and fall in petroleum prices, the program was not very successful and 
during the mid-1980s it was abandoned (Laabs & Gröteke, 2010). Then, the 
National Program of Production and Use of Biodiesel PNPB was launched, in order 
to encourage small producers and farmers in least-developed regions to become 
involved with biodiesel production. Recently, Brazil has become in third global with 
9% of total production reaching a value of 1.55 billion liters in 2009 (ENERS, 2011). 
Brazil has been increasing blending mandates over the years, beginning with B2 
from 2005 to 2007, B3 in 2008, B4 in 2009 and B5 since 2010 (Kotrba, 2010). 
Colombia as the largest South America's palm oil producer is emerging as an 
important player of biodiesel markets. The production of Colombia in 2011 reached 
500 million liter mostly consumed by internal market, although future exportations 
to Central America is being considered (UPME, 2012). On December of 2011, the 
biodiesel blends mandates distributed throughout the Colombian territory were B2 
(Eastern zone), B7 (Mid and Western) and B10 (Northern and Western zones) and 
were planning to expand to B20 in 2020, when production is expected reach 875 
million liters (Ferederación Nacional de Bicombustibles, 2012; OECD-FAO, 2011). 
In Peru the current mandate established in 2007 defined a blending level B2 in 
2009 and B5 from 2011. Biodiesel production reached a value of 174 million liters 
in 2009 (OECD-FAO, 2010). Uruguay  has a biodiesel mandate since 2007, 
currently is using B2, and it is expected to reach a B5 in 2015 (Bioenergy Site, 
2008b). 
In Africa Biodiesel industry is still in developing; the lack of infrastructure, political 
instability and government inaction are reducing the growth of this industry. Except 
for South Africa where exist a biofuels strategy since 2005 and reached a 
production of 57 million in 2011 liters for a B2 blend (OECD-FAO, 2011). However, 
the development of biofuel industries is a necessary task to develop Africa. In sub-
Saharan Africa countries fossil fuels have high prices, and most of the countries 
are importing with high taxes diesel and gasoline. In addition, the development of 
an African biofuel industry has a high option of exportations, especially to EU. In 
order to change this situation is required to strong biofuels mandates, providing 
adequate access to lands and convenient production technologies. Most of the part 
of Africa is in the process of developing biofuel policies. Consequently, the advance 
of biodiesel industry is closed linked with the ethanol industry (Kotrba, 2010). Many 
African countries have preferential access under the Everything but Arms (EBA) 
initiative, the Cotonou Agreement, and the super Generalized System of 
Preferences, and their least-developed country status. This situation provides to 
these countries an advantage over existing large biofuel producers in America and 
South-East Asia.  In addition, different donors and multilateral institutions and 
organizations are supporting the preparation policies and strategies with financial 
support and expertise as tools to promote the African social and economic 
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development (Mitchell, 2011). In Tanzania and Sierra Leona, FAO has been 
promoting the sustainable use of biofuels with its Bioenergy Food Security (BEFS) 
program. This project concluded that Tanzania requires achieving a B5 blending 
mandate is at least 67 million liters of biodiesel per year  (FAO, 2010b). In 
Mozambique the national biofuels policy is being developed including a bilateral 
agreement on technical cooperation with Brazil. The implementation of this policy is 
planned to occur first in a pilot phase (2009-2015), where the biofuel industry will 
be initially established with all the production purchased by the Biofuel Purchasing 
Program. Second is the operation phase (2015- onward); there the biofuel industry 
will be expanded and consolidated, creating also distribution networks and aimed 
to achieve the highest blending levels ethanol (E75–E100) and pure biodiesel 
(B100) (Mitchell, 2011). 
 
Table 3-10 Current Production levels and mandates around the world  
Country 
Biodiesel Production 
(Million L)  2009-2010 
Blending 
Mandate 
Reference 
Argentina 1 340 B5 (OECD-FAO, 2010) 
Australia 627 B5 (OECD-FAO, 2010) 
Bolivia 
 
B5 (IICA, 2010)  
Brazil 1 535 B5 (OECD-FAO, 2010)(Nitsch, 2008) 
Canada 236 B2 (OECD-FAO, 2010)(IICA, 2010) 
Chile 
  
(IICA, 2010) 
China 338 B5 (Bart, Palmeri et al. 2010)(ENERS, 2011)(Kotrba, 2010). 
Colombia 302 B5 (Fedebiocombustible, 2012a) 
Costa Rica 
 
B2 (IICA, 2010) (Bart, et al., 2010) 
Ecuador 
 
B5 
(IICA, 2010)(Dufey, et al., 2007) 
 
European Union 10 187 
 
(ENERS, 2011)  
Honduras 
 
Máximum 
B30 
(IICA, 2010) 
India 179 
 
(OECD-FAO, 2010)(Larson, 2008) 
Indonesia 369 No Mandate (OECD-FAO, 2010)(Caye, et al., 2008) 
Japan 
   
Malaysia 765 No Mandate (OECD-FAO, 2010)(Larson, 2008) 
Mozambique 51 
 
(OECD-FAO, 2010) 
Paraguay 
 
B5 (IICA, 2010) 
Peru 174 B5 (OECD-FAO, 2010)(J. Quintero et al., 2012) 
Philippines 158 B2 (OECD-FAO, 2010)(Larson, 2008) 
Republica 
Dominicana  
B2 (IICA, 2010) 
South Africa 57 B2 (OECD-FAO, 2010)(Kotrba, 2010) 
South Korea 300 
 
(ENERS, 2011) 
Thailand 610 
 
(ENERS, 2011)(Larson, 2008) 
Turkey 62 
 
(OECD-FAO, 2010) (Bart, Palmeri et al. 2010) 
United States 1 658 
 
(OECD-FAO, 2010)(Larson, 2008) 
Uruguay 
 
B5 (IICA, 2010) (Bart, Palmeri et al. 2010) 
Viet Nam 8 
 
(OECD-FAO, 2010) 
 
In Asia, China, India, Indonesia, Malaysia, the Philippines and Thailand have 
biofuel consumption mandates. Malaysia and Indonesia are the two major palm oil 
producers. They have invested into flexible production structures that will allow 
creating economically successful biodiesel industries. These two countries have 
mandated biodiesel consumption (B5), but these targets have not been completely 
met (Hoh, 2010). However, the production of Malaysia and Indonesia reached a 
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value of 765 million liters and 369 million liters in 2010, and it is expected be 
increased during incoming years (OECD-FAO, 2011). China and India have the 
potential to become large biodiesel producers and consumers. These countries are 
promoting biofuels as a way to cut dependence on fossil-fuel imports as well as to 
provide rural employment and environmental benefits. However, exist concerns 
over the effect on food prices and food security, because of that the use of  edible 
oil feedstocks has been restricted  (Mitchell, 2011). China has B5 mandate with a 
production reached in 2010 of 338 million liters, while India produced 179 million 
liters (OECD-FAO, 2011). The national biofuels policy of India in 2009 has set 
targets of 20% blending for ethanol and biodiesel (Bioenergy Site 2009). 
Meanwhile, Korea and Japan are committed to meeting Kyoto Protocol by 
increasing use of biodiesel. Korea is planning to increase the blending mandate 
from B1 to B3 in 2012, promoting industry tax exemptions and local feedstock 
production (Bioenergy Site, 2008a). Conversely, Japan is continuing as net 
biodiesel importer with some initiatives using waste cooking oils as feedstocks 
(Mitchell, 2011).  
3.4.8 Technologies for biodiesel production 
Although most of the commercial available technologies are based on 
transesterification reactions of triglycerides with short-chain alcohols, using 
homogeneous catalysis, there are diverse technology variations available for 
biodiesel production. These technologies change according to feedstock qualities, 
specifications, requirements, and, the specific technological level of the country, 
where the biodiesel project will be located.  
 
The reactor election as the heart of a process is one of the main technological 
challenges on biodiesel production. Reactors are usually characterized as batch or 
continuous, which can be either a continuous stirred tank reactors (CSTRs) or plug 
flow reactors (PFRs).In a reactor is desirable to obtain the highest values possible 
of conversion and selectivity towards key product, in order to reduce loads sent to 
separation stages. These elements are controlled in a reactor considering variables 
such: Temperature, Pressure, Reaction or Residence Time, Mixing ratio, Molar 
ratio of reagents, among others (Shen, Cheng, Ward, & Yu, 2011; R. Smith, 2005).  
In biodiesel production, most of the reaction paths (transesterification, esterification 
and interesterification) in a conventional process, operate in liquid phase and keep 
homogeneous the reaction mixture. Consequently, reaction temperature must be 
below to boiling temperature of alcohol and mass transfer must be enhanced with 
agitation or controlling the flow pattern. Consequently, these and other features 
require to be controlled reactor temperature, pressure and mixing rate (Behzadi 
and Farid 2009). Conventional biodiesel process uses batch or continuous (CSTR, 
Plug flow reactors) (Tesser, Casale, Verde, Di Serio, & Santacesaria, 2009; Van 
Gerpen, Shanks, Pruszko, Clements, & Knothe, 2004).  The conventional in batch 
operation mode is considered slow, tedious, labor intensive, and not well-adapted 
to automation. By comparison, a continuous-flow transesterification process has 
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advantages, including the adjustability of the production cost and time for 
producing a small amount of biodiesel, the ability to produce a larger biodiesel 
quantity per unit of labor, and the capacity for making equipment design 
improvements for the optimization of the biodiesel quality (Thanh et al., 2010). 
However, different reactor designs and configurations have been considered, in 
order to improve process yield, reduce regents consumption, improve further 
separation or even eliminate catalyst requirements. Oscillatory flow reactor, Applies 
fluids oscillations to increase heat and mass transfer (Zheng, Skelton, & Mackley, 
2007); gas–liquid reactor, hot oil is sprayed as a fine droplet into an atmosphere 
of vapor methanol in a counter current arrangement  (Behzadi & Farid, 2009);  
Bubble column reactors, superheated methanol vapor is continuously blown into 
an oil-containing reactor, non catalyst is required (Joelianingsih, Nabetani, Sagara, 
Tambunan, & Abdullah, 2012); rotating packed reactors, generates centrifugal 
acceleration 1–3 higher than gravitational acceleration, increasing mass transfer 
and micromixing efficiencies (Chen, Huang, Lin, & Shang, 2010); membrane 
reactors, are used to remove the reaction products while these are being formed, 
affecting chemical equilibrium and increasing conversion and selectivity (Dubé, 
Tremblay, & Liu, 2007); Cavitation Reactors, use ultrasound or hydrodynamic 
changes to induce the formation of million cavities, which can generate very high 
temperatures and pressures, increasing conversion and reducing reaction time 
(Thanh, et al., 2010); and simultaneous reaction separation technologies such 
multiextractor reactors (L.F. Gutiérrez, 2008);  reactive distillation (Kiss, 2010). 
The concept of batch or continuous reactors can be extended to the operation 
mode of whole plant. In this sense, the election of operation mode is an important 
election before built the plant (see Table 3-11).  
 
Table 3-11 Comparison Batch vs Continuous features in Biodiesel production 
Batch Continuous 
Advantages Disadvantages Advantages Disadvantages 
Best for small scale production 
and is the first election for pilot 
scale or low impact projects in 
rural areas or small communities 
Batch operation may have 
problems of homogeneity and 
quality 
Best for large scale 
operation, where scale 
economy increases 
their profitability 
Requires reach state stable 
to stabilize production and 
quality 
Most operation mode used in the 
industry 
Non converted methanol is not 
recovered and homogeneous 
catalyst is not neutralized, 
increasing the environmental 
impact of project 
Non converted 
methanol   and non 
used catalyst can be 
reused 
Operations si highly affected 
by shortness in feedstocks 
and in biodiesel case rise in 
prices of crops 
    
Economically profitable for low 
scale projects 
Requires large process and 
operation period to complete a 
process campaign 
Mass and Heat 
integration can be 
employed, reducing 
operation costs 
Due to the scale, continuous 
requires high initial capital 
investments 
    Can be built and operated using 
in countries with technological 
immaturity 
 
In long time operation 
assures homogeneity 
and quality of product 
Requires at least medium 
level technologies to operate 
and control the plant 
Adapted from: (Amigun, Sigamoney, & von Blottnitz, 2008) 
 
Consequently, the task of selecting a specific a technology for biodiesel production 
will be determined by operational and economical factors such as: i) main process 
variables (reaction time, phase, catalyst, additional reactants); ii) stages integration 
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possibilities, reaction-separation, or pretreatment-reaction, and iii) changes in 
capital and operational costs or energy consumption.  
 
The Commercial technologies for biodiesel production use different process 
configurations and feedstocks, according to conditions such as: acidity, humidity, 
alcohol employed, time and reaction temperature. The selection of the different 
technologies is made as a function of required production, type and quality of raw 
material. Most of this plant operates under a continuous regime obtaining high-
quality biodiesel (>98%), ready to be used as fuel, including an option to produce 
glycerin in pharmaceutical grade (>99%). Currently different technologies are used 
in biodiesel production, which can be summarized in Table 3-12, including first 
patented technologies as the Italian ballestra or the new high capacity north-
American plants.  
 
Table 3-12 World Commercial technologies for biodiesel production 2004-2010. 
Company 
Name 
Country Technology Feedstock Pretreatment Products 
Capacity 
(million of 
liters/year) 
Yield 
BDT Biodiesel-
Technologies 
GmbH 
Austria 
Continuous 2 stage 
transesterification 
Vegetable 
oils, animal 
fats, yellow 
grease; 
technically 
unlimited 
FFA but  
economicly 
limited to 
10% FFA 
Vacuum 
distillation for 
feedstock with 
high FFA 
content 
Biodiesel 
ASTM, 
glycerol 65% 
and 
potentially 
FFA 
Modular 
units of 13, 
26 and 39 
98% 
Energea 
Biodiesel 
Technology 
Austria 
Automated continuous    
transesterification and    
esterification, with pre-
esterification module 
for yellow grease. On-
the-fly adjustments of 
variable feedstock. 
Vegetable 
oils, greases, 
and animal 
fats. Up to 
100% FFA 
Depends on 
FFA content 
and cost 
of 
infrastructure 
Biodiesel 
ASTM, 
glycerol 
80%, 
Fertilizer 
7,8-190 100% 
BIOX 
Corporation 
Canada 
Solvent assisted 
conversion 
technology 
Any 
feedstock up 
to 30% FFA 
  
13-130 100% 
Imperial 
Western 
Products, Inc. 
Canada Batch plant 
Oils or yellow 
grease, up to 
40% 
Filter and water 
evaporation 
Biodiesel 
ASTM, 
glycerol 90% 
>26 >98% 
Esterfip France 
Batch process, alkaline 
catalyzed 
Vegetable Oil 
According to 
FFA content 
Biodiesel 
ASTM 
0.57-10 >99% 
Henkel Germany 
Continuous 
trasnesterification, with 
two PFR reactors 
Vegetable 
Oils with low 
FFA content 
none 
Biodiesel 
ASTM, 
glycerol 92% 
193 >99% 
Biodiesel 
International 
Germany 
Fully automatic PLS 
controlled 
production system 
Vegetable oil, 
waste 
cooking oils 
and animal 
fats 
Pretreatment 
according to 
FFA content 
Biodiesel 
ASTM, 
glycerol 
80%, 
potassium 
phosphate 
fertilizer 
 
100% 
Esteraco Italy 
Continuous Multiphase 
sterification 
Vegetable 
Oils with low 
FFA content 
none 
Biodiesel 
ASTM, 
glycerol UPS 
98% 
 
>99% 
Ballestra Italy 
Continuous 
trasnesterificationn 
Vegetable oil 
and yelow 
grease 
Oil refining 
optional 
according to 
FFA content 
Biodiesel 
ASTM, 
glycerol 88-
90% or 
higher under 
request 
156 99,80% 
OceanAir 
Environmental 
United 
States 
Continuous 
trasnesterificationn 
Vegetable 
oils, waste 
cooking oils 
Oil refining 
optional 
according to 
Biodiesel 
ASTM, 
glycerol 88-
38 >99% 
 Analysis of Technological Schemes for the Efficient Production of Added Value Products from 
Colombian Oleochemical Feedstocks  
 
76 
 
and yelow 
grease 
FFA content 90% or 
higher under 
request 
Biodiesel 
Industries 
United 
States  
Vegetable oil 
and animal 
fats 
technically 
unlimited 
FFA 
Pretreatment 
according to 
FFA content 
Biodiesel 
ASTM, raw 
glycerol 
Modular 
units of 78 
100% 
BioSource 
Fuels, LLC 
United 
States 
Continuous process 
with biodiesel 
distillation, fully 
automated with 
PLC or DCS contols 
Vegetable 
oils, animal 
fats, and 
recycled fats 
and oils, until 
100% 
FFA 
 
Biodiesel 
ASTM, 
glycerol 95-
99.7%, 
Fertilizer 
>26 100% 
Lurgi PSI, Inc. 
United 
States 
Continuous 
transesterification    
using patented 
reactors and    
glycerin systems 
FFA up to 
20% 
(probably all 
feedstocks) 
 
Biodiesel 
ASTM, DIN, 
EN 
10-90 
 
Pacific 
Biodiesel, Inc 
United 
States 
Batch process 
FFA up to 6% 
(probably all 
feedstocks) 
 
Biodiesel 
ASTM, 
glycerol 50% 
5.2-52 >99% 
Superior 
Process 
Technologies 
United 
States 
Continuous process for 
all    
feedstocks, batch 
plants available    
for small producers, 
biodiesel    
distillation available 
FFA up to 
20% 
(probably all 
feedstocks) 
 
Biodiesel 
ASTM, 
glycerol 80-
99.7%, 
Fertilizer 
30 >99% 
Delta BioFuels 
United 
States  
Soybean and 
Canola oils  
Biodiesel 
ASTM 
300-380 >99% 
Iowa 
Renewable 
Energy (IRE) 
United 
States  
Soybean Oil 
and Animal 
fats 
 
Biodiesel 
ASTM 
115 >99% 
Mid-America 
Biofuels 
United 
States  
Soybean Oil 
 
Biodiesel 
ASTM 
138 >99% 
Minnesota 
Soybean 
Processors 
(MnSP) 
United 
States  
Soybean Oil 
Oil refining 
optional 
according to 
FFA content 
Biodiesel 
ASTM 
115 >99% 
Adapted from: (CORPODIB, 2004; Shoo, 2010; K. S. Tyson, Joseph Bozell, Robert Wallace, Eugene 
Petersen, & Luc Moens, 2004) 
3.4.9 Biodiesel blendings 
Biodiesel is produced from different feedstocks and they have changes in their 
properties according to their fatty acid profiles, consequently the fatty alkyl esters 
obtained are diverse and consequently the quality of biodiesel obtained is not 
standard among feedsotcks. For instance, rapeseed biodiesel has better 
performance in cold climates, while palm biodiesel has performance problems in 
cold weathers due to its cold flow properties. In this sense, blends of biodiesel and 
fossil diesel are use to improve combustion in compression ignition engines, and 
low emissions of sulphur and particulates, increasing oxidative stability and 
reducing viscosity (C. Drapcho, et al., 2008).  
 
Pure biodiesel contains oxygen in fatty alkyl structures, obtaining a complete 
combustion. This helps to reduce emissions of hydrocarbons (HC), carbon 
monoxide (CO), and particulate matter (PM), but also generates nitrogen oxides 
(NOx) emissions (Myint & El-Halwagi, 2009). Nevertheless, the above features 
allows to generate  a mitigation potential of greenhouse gas (GHG) emissions 
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(IEA, 2007). Thus, biodiesel blending is important not only from an environmental 
point of view, but also from a market point of view, being necessary and important 
measures, in order to control the formation and establishment of a new biodiesel 
markets (Laabs & Gröteke, 2010). Different countries have promoted biodiesel 
policies, including production targets, voluntary or mandatory blending rates and 
short-term management of auctions. This kind of measures helps to create a 
market, reducing uncertainties respect to prices and costs of biodiesel for sellers 
and buyers, and including small-holders into biofuel business (Beatrice, Guido, 
Napolitano, Iorio, & Giacomo, 2011).  
 
The International standard to identify the concentration of biodiesel in blendes is 
the BXX nomenclature, understood as the percentage in volume of biodiesel in a 
mixture with fossil diesel (Demirbas, 2009b). For instance, B2, B5, B20 and B100 
are fuels with a concentration of 2%, 5%, 20% and 100% of biodiesel, respectively. 
Biodiesel can be blended in any proportion. This practice reduces the cost impact 
of Biodiesel while retaining some of the emissions reductions. Most of these 
reductions appear to be proportional to the percentage of Biodiesel used  
(Friedrich, 2004). Pure biodiesel contains about 8% less energy per gallon than No. 
2 petro-diesel. As the ratio of biodiesel to fossil diesel is lower, any difference 
becomes less significant. For instance, B20 and B2 have 1.73% and 0.17% less 
energy per gallon than the petro-diesel, respectively, and do not show a high 
difference in performance (Myint & El-Halwagi, 2009). Currently, there are four 
main concentrations of biodiesel being used in the market: H Pure (B100), H 
Blends (B20), H Additive (B5), H Lubricity additive (B2) (Escobar, et al., 2009). The 
higher reduction on exhausted particulates, unburned hydrocarbons, and carbon 
monoxide is achieved by using B100, which has not been major operational 
problems in internal-combustion engines with minor modifications (Friedrich 2004). 
However, different problems has been reported associated to B100 associated to 
compatibility with seals, gaskets, and other fuel system components, cold weather 
freezing, storage stability, and NOx emissions (K. Shaine Tyson, et al., 2004).  
 
The market of B100 is still low today, due to its price is higher than conventional 
diesel and its markets are addressed to those niches which use these fuel due to 
their health and environmental savings (K. Shaine Tyson, et al., 2004). Contrary to 
B100 no equipment modifications are required to use B20 in internal-combustion 
engines. Moreover, B20 reduces problems associated with: cold flow properties, 
stability, material compatibility, NOx increases, storage tank cleanliness, and 
reduce slightly reduction in commercial prices; however, the market penetration of 
B20 is still limited (K. Shaine Tyson, et al., 2004). Biodiesel blends lower than B5, 
are the the majority uses by different mandates around the world. Moreover, they 
offer good lubricity properties. Even as little as 0,25% can have a measurable 
impact and 1-2% is enough to convert a very poor lubricity fuel into an acceptable 
fuel. Although these levels are too low to have any impact on the Cetane number of 
the fuel or the emissions from the engine, the lubricity provides a significant 
advantage at a modest cost  (Friedrich, 2004). 
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3.4.10 Biorefineries 
Oilseeds are valuable feedstocks in modern biorefineries due its multiproduct 
feature, where they and its intermediates can be transformed into different added 
value products (Fatih Demirbas, 2009). Products obtained from oilseed feedstocks, 
includes low-volume, high-value products (Sterols, Carotenoids, Tocols), and high-
volume, low-value (Biofuels, Vegetable oils) (Bart, et al., 2010). Indeed, first 
biorefineries were conceptually based on fractionation processes of corn and 
soybean, where oils, sugars and cattle feed can be potentially obtained  
(Mousdale, 2008). However, development of oilseed based biorefineries is delayed 
due to high energy consumption rates and intensive capital costs required. 
Consequently, strategies of mass and energy integration as well as a combination 
of different technologies (termochemical, chemical or mechanical) are  key factors 
to improve overall production and techno-economical viability, while capital and 
production costs are globally reduced (Kamm, Kamm, Scherze, Muschiolik, & 
Bindrich, 2010; Nag & Manchikanti, 2008). An example of successful integrations 
can be taken from lignocellulosic and sugar cane based biorefineries, where 
chemical and biochemical biomass transformations are integrated to 
termochemical technologies to improve potential income. (Ling & Aden, 2011). 
 
Oilseed based biorefineries, according to their configurations are able to generate 
biomass residues (mostly extraction cakes) during oil extraction stage or generate 
lignin when this residues are additionally transformed (e.g. fermentation to produce 
ethanol or Polihydroxybutirate (PHB)). However, termochemical transformations 
using gasification or combustion technologies allow using energy contained in hot 
gases to feed cogeneration systems, generating heat and electricity required by 
biorefinery avoiding use external utilities and generating additional electricity 
provided to surrounding communities (L.E. Rincón, J. A. Quintero, C. A. Cardona, I. 
Ahmed, & A. K. Gupta, 2011a). 
3.5 Heat integration in Biorefineries 
An important aspect on biorefineries design is an efficient use of energy, even 
more for those based in biomass, where high-energy consumption rates are 
normal. In this sense, heat integration of  biorefineries based on  process 
integration principles allows to exploit potential synergies inherent to any combined 
system (Galitsky, Worrell, & Ruth, 2003). Accordingly, maximize thermal efficiency 
on biorefineries is a major challenge aiming to find economically competitive 
production biomass-based chemicals (Bludowsky & Agar, 2009).  One of most 
widely employed methodologies for heat integration is pinch technology. It is a 
concept introduced by Linnhoff and Vredeveld (Linnhoff & Vredeveld, 1984). This 
term is used to describe a series of principles and design rules developed based 
on heat integration principles, as a methodology for a systematic application of first 
and second laws of thermodynamics to process and utility systems. An accurate 
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design of a heat integration network, using pinch technology is a tool to 
debottlenecking, improve yield, reduce capital cost, and enhance process flexibility 
(D. H. F. Liu, 1997). Pinch technology is able to identify the locations of most 
thermally restricted parts of a process. A key feature of pinch technology is that 
energy and capital targets of the process are established previous to design the 
energy recovery network and utility systems (D. H. F. Liu, 1997), based on this 
principle the composite curves (heat and cool) are constructed, allowing to 
determine the minimum hot and cold utility requirements (see Fig. 3-5). This tool is 
known as targeting. Another tool, the grand composite curve, determines the 
correct types, levels, and quantities of all utilities required to supply a process. 
Once targets are established the equipment configurations used to provide 
targeted minimum utilities are designed. Heat exchanger networks (HEN) are 
designed and optimized in terms of maximizing energy recovery while annualized 
costs (TAC) are minimized. TAC is the sum of annualized capital cost (ACC) and 
the operating cost (OC). The OC is calculated according to the utility selection and 
quantity required of each HEN (Vlysidis, Binns, Webb, & Theodoropoulos, 2011).  
Pinch technology has been used in different biomass based processes, in order to 
reduce external energy consumption rates, increase overall energy efficiency and 
find optimal arrangements of heat integration and cogeneration plants (Galitsky, et 
al., 2003; Pokoo-Aikins, Nadim, El-Halwagi, & Mahalec, 2009). 
 
 
Fig. 3-5 Typical composite curves used in pinch technology 
 
Biorefineries operates similarly to large factories or petroleum refineries, where a 
central system supplies the different utilities requirements of each of the individual 
plants. These individual plants operate at different energy levels, making a difficult 
task the direct design of a heat integration system. Pinch technology works 
accurately for single process, but sometimes this methodology fails to represent 
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accurately large integrated process, where only streams with huge differences in 
energy levels or mass flows are available. This situation makes difficult to thermally 
integrate large pants as a whole. In this sense, it is required that pinch principles be 
adapted to manage these situations. Consequently, a methodology of total site 
improvement (TSI) has been developed as a tool for planning the heat integration 
of multiple plants. Here individual process issues are considered alongside with the 
site wide utility planning under the traditional concept of making products from 
feedstocks with the minimum use of capital and energy in all forms (KBC, 2000).  
 
Total Site Analysis (TSA) is a TSI systematic methodology, which can be applied to 
biorefineries. It allows identifying which parts of process can be thermally 
integrated  in order to cover heat and cooling demands based on Pinch technology 
(Hackl & Harvey, 2010; Kemp, 2007). This method categorize available heat 
sources and sinks, in order to recognize external utilities requirements or 
determine cogeneration requirements (Hackl & Harvey, 2010; Perry, Klemeš, & 
Bulatov, 2008). In TSA methodology information is first collected and then is 
analyzed using Total Site Profiles (TSP) and Total Site Composite Curves (TSC). 
All required information is collected using three different approaches, which 
changes according to level of detail and required information. (Hackl & Harvey, 
2010) have defined these approaches Black Box Approach, only considers the 
overall services requirements of heating and cooling, according to their 
corresponding utility temperature. Moreover, external utility sources are 
represented as black boxes too. In Grey Box Approach, only the process-utility 
interface is considered and process-process heat exchange is ignored. In this 
approach, the current level of integration within a single unit is not changed, but it 
enables to identify opportunities for transferring heat between plants. Finally, in 
White box approach, a detailed pinch analysis of each plant is carried out and 
thereafter Composite Curves (CC) and the Grand Composite Curve (GCC) can be 
constructed for the total site. Consequently, minimum hot and cold utility demands 
can be determined.  
 
Adapted from: (Hackl & Harvey, 2010) 
Fig. 3-6 a)Total site profiles (TSP), b)Total site composites (TSC) 
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Data collected in previous steps of process source/sink profiles and the utility 
profiles are used to build profiles of hot and cold streams with their corresponding 
utilities requirements, known as total site profiles (Fig 3-6a). It allows to identify the 
maximum amount of heat recovery for the total site by the utility system. Then this 
total profiles are moved towards each other until the hot and the cold utility curve 
intersect in one point. The overlapping curves in this figure are the known as total 
site composites (TSC) (Fig 3-6b). They show the minimum amount of heat that has 
to be supplied and retired to and from the processes externally by hot and cold 
utilities (Hackl & Harvey, 2010). 
3.5.1 Potential oleochemical residues for energy 
production 
Biomass is currently the most used renewable energy source. It is largely available 
and able to recycle part of CO2 emitted during its planting cycle, contributing to 
mitigate greenhouse effect (Grassi & Allan, 2007). In industrialized countries, the 
main biomass processes used in the midterm future are expected to be: a) direct 
combustion of residues and wastes for electricity generation, b) biodiesel and 
bioethanol as liquid fuels from energy crops, and c) combined heat and power 
generation from biogas and biomass residues including oil extraction cakes (Bart, 
et al., 2010).  
 
Oil cakes/oil meals are by-products obtained after mechanical or solvent extraction 
of oils contained in seed kernels. Oil cakes can be classified as edible or non-
edible. Usually, oil seed cakes contains approximately 11-18% oil, 35-60 % crude 
protein and fibers (Akintayo, 2004). Edible oil cakes have a high nutritional value 
with protein contents from 15% to 50%. Their composition changes according to 
variety, growth conditions and extraction methods. They usually have high protein 
content being used as animal feed for cattle, fish and poultry. In addition, edible 
cakes can be used as raw materials in different bioprocesses for production of 
chemicals and value-added products such as amino acids, enzymes, vitamins, 
antibiotics and biopesticides (Ramachandran, et al., 2007). However, this market is 
limited and easily saturated. Non-edible cakes such castor, karanja and jatropha 
cake require other alternative uses, due to their toxic protein content. For instance, 
jatropha and castor beans contains curcin and ricin being poisonous for livestock 
and humans, avoiding their direct use in feeds  (Gübitz, Mittelbach, & Trabi, 1999). 
Among alternatives to solve this problem are included detoxification or use of non-
toxic varieties (Benge, 2006; W. Haas & Mittelbach, 2000; Kumar & Sharma, 2008). 
However, normally use these methods is not economically viable to scale them to 
industrial level. Along these lines, non-edible cakes have properties comparable to 
organic fertilizers regard to nitrogen, phosphorus and potassium content, 
increasing the nitrogen uptake of the plant and retarding soil nitrification. In this 
sense, one of main issues to use these cakes as fertilizers is their storage 
 Analysis of Technological Schemes for the Efficient Production of Added Value Products from 
Colombian Oleochemical Feedstocks  
 
82 
 
management. These residues as fertilizers must be carefully stored in dry places 
and using pesticides to avoid production of organic acids, degradation of lignin in 
shells, microbial degradation and production of toxic aflatoxins (Sahrawat, 1980; 
Sahrawat & Mukerjee, 1977). Due to this difficult for manage, market restrictions, 
large quantities availability and high capital investments required for oilseed cakes 
detoxification. A valuable alternative is use these residues joint to low value husks, 
as raw materials of termochemical transformations process, including combustion, 
gasification and pyrolysis (Benge, 2006; Martín, et al., 2010). This route allows to 
directly generating energy (from combustion), intermediates such syngas (from 
gasification) or specialized products such bio-oil and charcoal (from pyrolysis). 
3.5.2 Cogeneration technologies based on biomass 
Cogeneration can be defined as a thermodynamically efficient way of use energy, 
able to cover complete or partially both heat and electricity requirements of a 
factory (Reith et al., 2002). Combined production of mechanical and thermal energy 
using a simple energy source, such as oil, coal, gas natural or biomass, has 
remarkable cost and energy savings, operating also with a greater efficiency 
compared to systems which produce heat and electricity separately (Biezma & 
Cristóbal, 2006; Prasad, 1995; Uddin & Barreto, 2007). Current available 
cogeneration technologies, can be distinguished, according to its prime mover or 
its commercial use, in two main groups: i) Highly commercially used, such as: 
Steam turbine (ST) cogeneration system, Gas turbine (GT) cogeneration system, 
Combined cycle gas turbine (CCGT) cogeneration system, Internal Combustion 
Engine cogeneration system, Open cycle gas turbine (OCGT) and Steam Engine 
cogeneration system. ii) Less commercially used: Integrated Gasification Combined 
Cycle (IGCC), Micro-turbines and Fuel Cells (Badami, Mura, Campanile, & 
Anzioso, 2008; Biezma & Cristóbal, 2006; Sanjay, Singh, & Prasad, 2009). 
Nevertheless, combined cycle systems are considered as the most energy efficient 
among cogeneration plants.  
 
Fig. 3-7 General flowsheet of Biomass Steam Turbine cogeneration system. 
1. Heat Exchanger (Heater), 2. Dryer, 3. Boiler, 4. Steam Turbine ,  5. Heat Exchanger (Condenser), 
6. Process 
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Cogeneration systems are usually designed according to two general approaches. 
First approach, establish the general energy requirements of the plant that must be 
covered using the cogeneration system and using any available fuel (coal, natural 
gas, etc). Second approach is addressed to design cogeneration systems based on 
an available resource (biomass residues, geothermal source, and available fossil 
fuels) using this amount as fuel and looking to cover factory's energy requirements 
as much as possible.  If after supply energy with biomass residues there 
requirements not covered, it is possible to use external sources or co-firing 
configurations.  Second approach is the most used in biomass based biorefineries, 
where production residues (e.g, extraction cakes, lining) can be collected to fuel a 
cogeneration system. If a cogeneration system is based on biomass or its residues, 
this system is known as biomass fired cogeneration. It is a step forward respect to 
low efficiency traditional bioelectricity systems, used in mills or plantations; where 
biomass is directly burned to provide electricity  (Hall, 1997). Biomass fired 
cogeneration systems improves energy usage providing even more energy with a 
same biomass material basis (Haq, 2010). Most of the biomass fired cogeneration 
plants are allocated at industrial sites guaranteeing a continuous supply of 
feedstock (see Fig 3-7). Common examples are sugar and/or ethanol plants and 
paper mills (UN Foundation, 2007). Additionally, the electricity surplus generated 
by biomass fired cogeneration projects, could be used in rural areas close to the 
production site, increasing the economic viability of the project due the influence of 
transport distance over total production cost of biomass fired plants (Nagel, 2000). 
3.5.3 Biomass integrated gasification combined 
cycle (BIGCC) 
BIGCC is a technology for energy conversion from biomass residues (Balat, Balat, 
Kirtay, & Balat, 2009), holding the promise of a efficient, clean and cost effective 
power generation from biomass, reducing investment costs, compared with 
conventional combustion and power generation used in bioelectricity production 
(Gassner & Maréchal, 2010; Reith, et al., 2002). In last decade, different biomass 
gasification cogeneration projects were initiated.  Some examples include: 
Recovered Energy Resources project and United Technologies Research Center 
in United States of America, Skydraft in Sweeden, ARBRE in United Kingdom 
among others (HM Associates Inc., 2003; Resource Dynamics Corporation, 2004). 
The basic elements of BIGCC system include: biomass dryer, gasification 
chamber, gas turbine, heat steam recovery generator (HRSG) (Larson, Williams et 
al. 2001). Above elements will be explained below. 
Gasification is a thermo-chemical conversion technology of carbonaceous 
materials (coal, petroleum coke and biomass), to produce a mixture of gaseous 
products (CO, CO2, H2O, H2, CH4) known as syngas added to small amounts of 
char and ash. Gasification process requires a temperature range between 875-
1275 K (Iakovou, Karagiannidis, Vlachos, Toka, & Malamakis, 2010; Susta, Luby, 
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& Mat, 2003).  The Gas properties and composition of syngas changes according 
to gasifying agent used (air, steam, steam-oxygen, oxygen-enriched air), 
gasification process and biomass properties (Balat, et al., 2009). Syngas is useful 
for a broader range of applications, including: direct burning to produce heat and 
power or high quality fuels production or chemical products such methanol (Faaij, 
2006; UN Foundation, 2007). This methanol obtained from syngas can be further 
transformed increasing the potential of oilseed based biorefineries to generate a 
wider collection of chemical feedstocks. Methanol obtained from oilseed residues 
gasification can be transformed using well-known purely chemical reactions to form 
products such: The formaldehyde (CH2O) used in the production of resins, textiles, 
cosmetics, fungicides, and other. The Acetic acid (CH3COOH) is used in the food 
industry. The formic acid (HCOOH) used as  a preservative (Mousdale, 2008). 
Higher chain alcohols can be also produced from methanol. Finally, this produced 
methanol can be used as reagent within biorefinery in biodiesel production (see 
Fig. 3-8).  
 
 
Fig. 3-8 Potential uses of syngas of obtained from oilseed residues 
 
 
Fig. 3-9 General Flowsheet if a BIGCC system. 
1. Heat Exchanger (Heater), 2. Splitter, 3. Compressor, 4. Turbine, 5. Dryer, 6. Reactor chamber,  7. 
HRSG system , 8. Heat Exchanger (Condenser),  9. Steam Turbine, 10. Chemical Process 
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A gas turbine is a rotator engine that extracts energy from a flow combustion gas. It 
is able to produce power with an acceptable electrical efficiency, low emission and 
high reliability, and is composed by three main sections:  compression (air 
pressure is increase, aimed to increase combustion efficiency), combustion 
(adiabatic reaction of air and fuel to convert chemical energy to heat) and 
expansion (obtained pressurized hot gas at high speed passing through a turbine 
generating mechanical work) (Badami, et al., 2008; Branan, 2002; O'Brien & 
Bansal, 2000). Heat recovery steam generator is a high efficiency steam boiler that 
uses hot gases from a gas turbine o reciprocating engine to generate steam in a 
thermodynamic Rankine Cycle. This system is able to generate steam at different 
pressure levels according to chemical process requirements (PGTHERMAL, 
2009).According to process requirements a HSRG system can use single, double 
or  triple pressure levels, and choosing one configuration over relies on process 
requirements. Furthermore, using high pressure steam is an economic way to 
transport energy  (Branan, 2002). Each HSRG section is integrated by:  
Economizer, with cold water leaving the system as satured; Evaporator where 
saturated steam is produced and Superheater, where saturated steam is dried, 
overheating it beyond its saturation point (Jacek Topolski, 2000; PGTHERMAL, 
2009; Sanjay, et al., 2009). 
3.6 References 
Akintayo, E. T. (2004). "Characteristics and composition of Parkia biglobbossa and Jatropha curcas oils and cakes." 
Bioresource Technology 92(3): 307-310. 
Alabi, A. O., M. Tampier, et al. (2009). Microalgae Technologies & Processes for Biofuels / Bioenergy Production in British 
Columbia: Current Technology, Suitability & Barriers to Implementation, The British Columbia Innovation Council. 
Amigun, B., R. Sigamoney, et al. (2008). "Commercialisation of biofuel industry in Africa: A review." Renewable and 
Sustainable Energy Reviews 12(3): 690-711. 
Badami, M., M. Mura, et al. (2008). "Design and performance evaluation of an innovative small scale combined cycle 
cogeneration system." Energy 33(8): 1264-1276. 
Balat, M., M. Balat, et al. (2009). "Main routes for the thermo-conversion of biomass into fuels and chemicals. Part 2: 
Gasification systems." Energy Conversion and Management 50(12): 3158-3168. 
Barnwal, B. K. and M. P. Sharma (2005). "Prospects of biodiesel production from vegetable oils in India." Renewable and 
Sustainable Energy Reviews 9(4): 363-378. 
Bart, J. C. J., N. Palmeri, et al. (2010). Biodiesel science and technology: From soil to oil, CRC Press Taylor & Francis 
Group. 
Beatrice, C., C. Guido, et al. (2011). "Assessment of biodiesel blending detection capability of the on-board diagnostic of the 
last generation automotive diesel engines." Fuel 90(5): 2039-2044. 
Beckman, C. and J. Junyang (2009). Peoples Republic of China Biofuels Annual Report 2009. G. A. I. Network. Beijing, 
USDA Foreign Agricultural Service. 
Behzadi, S. and M. M. Farid (2009). "Production of biodiesel using a continuous gas–liquid reactor." Bioresource Technology 
100(2): 683-689. 
Benge, M. (2006). Assessment of the potential of Jatropha curcas, (biodiesel tree) for energy production and other uses in 
developing countries. Washingto, USA, United States Agency for International Development (USAID): 22. 
Bhattacharyya, S. C. (2011). The Economics of Renewable Energy Supply. Energy Economics: Concepts, Issues, Markets 
and Governance. London, UK, Springer-Verlag: 249-271. 
Biezma, M. V. and J. R. S. Cristóbal (2006). "Investment criteria for the selection of cogeneration plants--a state of the art 
review." Applied Thermal Engineering 26(5-6): 583-588. 
Bioenergy Site. (2008). "Korea Biofuels Annual Report 2008." Biodiesel Featured Articles, from 
http://www.thebioenergysite.com/articles/381/canada-biofuels-annual-report-2009. 
Bioenergy Site. (2008). "Urugay Biofuels Annual Report 2009." Biodiesel Featured Articles, from 
http://www.thebioenergysite.com/articles/381/canada-biofuels-annual-report-2009. 
Bludowsky, T. and D. W. Agar (2009). "Thermally integrated bio-syngas-production for biorefineries." Chemical Engineering 
Research and Design 87(9): 1328-1339. 
Branan, C. (2002). Rules of thumb for chemical enginners: a manual of quick, accurate solutions to everyday process 
engineering problems. 
 Analysis of Technological Schemes for the Efficient Production of Added Value Products from 
Colombian Oleochemical Feedstocks  
 
86 
 
Brunner, G. and N. T. Machado (2012). "Process design methodology for fractionation of fatty acids from palm fatty acid 
distillates in countercurrent packed columns with supercritical CO2." The Journal of Supercritical Fluids 66(0): 96-
110. 
Campanella, A., E. Rustoy, et al. (2010). "Lubricants from chemically modified vegetable oils." Bioresource Technology 
101(1): 245-254. 
Canakci, M. and H. Sanli (2008). "Biodiesel production from various feedstocks and their effects on the fuel properties." 
Journal of Industrial Microbiology and Biotechnology 35(5): 431-441. 
CENIPALMA (2009). Agenda prospectiva de investigación y desarrollo tecnológico para la cadena productiva de palma de 
aceite en Colombia con énfasis en Oleína Roja. Bogotá, Colombia, CENTRO CORPORACIÓNDE 
INVESTIGACIÓN DE LA PALMA DE ACEITE, CENIPALMA - FEDERACIÓN NACIONAL DE CULTIVADORES 
DE PALMA DE ACEITE, FEDEPALMA: 394. 
CORPODIB (2004). Programa estratégico para la producción de Biodiesel - combustible automotriz a partir de aceites 
vegetales. Bogotá, Colombia, Convenio Interisititucional de Cooperación UPME-INDUPALMA-CORPODIB. 
Cox, M. F. and U. Weerasooriya (2003). 14. Methyl Ester Ethoxylates. Novel Surfactants: Preaparation, Application, and 
Bidiegradability, Taylor & Francis Group: 27. 
Crago, C. L., M. Khanna, et al. (2010). "Competitiveness of Brazilian sugarcane ethanol compared to US corn ethanol." 
Energy Policy 38(11): 7404-7415. 
Cripps, G. C. and G. A. Tarling (1997). "Rapid procedure for the isolation and analysis of fatty acid and fatty alcohol fractions 
from wax esters of marine zooplankton." Journal of Chromatography A 760(2): 309-313. 
Chaleepa, K., A. Szepes, et al. (2010). "Dry fractionation of coconut oil by melt crystallization." Chemical Engineering 
Research and Design 88(9): 1217-1222. 
Chang, A.-F. and Y. A. Liu (2009). "Integrated Process Modeling and Product Design of Biodiesel Manufacturing." Industrial 
& Engineering Chemistry Research 49(3): 1197-1213. 
Chavez, L. (2009). Mexico Biofuels Annual Report 2009. G. A. I. Network. Ciudad de Mexico, USDA Foreign Agricultural 
Service. 
Chen, Y.-H., Y.-H. Huang, et al. (2010). "A continuous-flow biodiesel production process using a rotating packed bed." 
Bioresource Technology 101(2): 668-673. 
daCosta, R. E., E. E. Silva, et al. (2007) "The energy balance in the production of palm oil biodiesel - two case studies: Brazil 
and Colombia." 
DANE (2009). Encuesta Nacional Manufacturera. Bogotá, Colombia, Departamento Nacional de Estadistica. 
Demirbas, A. (2008). "Biofuels sources, biofuel policy, biofuel economy and global biofuel projections." Energy Conversion 
and Management 49(8): 2106-2116. 
Demirbas, A. (2009). "Progress and recent trends in biodiesel fuels." Energy Conversion and Management 50(1): 14-34. 
Drapcho, C., J. Nghiem, et al. (2008). Biofuels Engineering Process Technology. United States, McGraw-Hill. 
Dubé, M. A., A. Y. Tremblay, et al. (2007). "Biodiesel production using a membrane reactor." Bioresource Technology 98(3): 
639-647. 
Dufey, A., S. Vermeulen, et al. (2007). Biofuels: Strategic Choices for Commodity Dependent Developing Countries. 
Amsterdam, The Netherlands, International Institute for Environment and Development-Common Fund for 
Commodities: 72. 
ENERS. (2011). "Biofuels Platform."   Retrieved August 11th, 2011, from http://www.biofuels-platform.ch/en/home/. 
Escobar, J. C., E. S. Lora, et al. (2009). "Biofuels: Environment, technology and food security." Renewable and Sustainable 
Energy Reviews 13(6-7): 1275-1287. 
Faaij, A. (2006). "Modern Biomass Conversion Technologies." Mitigation and Adaptation Strategies for Global Change 11(2): 
335-367. 
FAO (2010). The BEFS Analysis for Tanzania. Bioenergy and food securirty. I. Maltsoglou and Y. Khwaja. Rome, Italy, Food 
and Agricultural Organization of the United Nations (FAO). 35. 
Fatih Demirbas, M. (2009). "Biorefineries for biofuel upgrading: A critical review." Applied Energy 86(Supplement 1): S151-
S161. 
Fedebiocombustible. (2012). "Biodiesel Plants in Colombia."   Retrieved Junuary 30th, 2012, from 
http://www.fedebiocombustibles.com/v2/main-index.htm. 
Ferederación Nacional de Bicombustibles (2012). Cifras informativas del sector Biocombustibles: Biodiesel a parti de aceite 
de palma, Federación nacional de Biocombustibles. 
Flach, B., K. Bendz, et al. (2009). Netherlands-Germany EU-27 Biofuels Annual Report 2009. G. A. I. Network. The Hague, 
USDA Foreign Agricultural Service. 
FOE. (2006). "The use of palm oil for biofuel and as biomass for energy ", from 
http://www.foe.co.uk/resource/briefings/palm_oil_biofuel_position.pdf. 
Friedrich, S. (2004). A world wide review of the commercial production of Biodiesel– A technological, economic and 
ecological investigation based on case studies. Vienna, Austria, Institut für Technologie und nachhaltiges 
Produktmanagement der Wirtschaftsuniversität: 164. 
Galitsky, C., E. Worrell, et al. (2003). Energy Efficiency Improvement and Cost Saving Opportunities for the Corn Wet Milling 
Industry. ENERGY STAR Guide for Energy and Plant Managers, Energy Analysis Department-University of 
California-U.S. Environmental Protection Agency. 
Gallezot, P. (2007). "Catalytic routes from renewables to fine chemicals." Catalysis Today 121(1–2): 76-91. 
Gassner, M. and F. Maréchal (2010). Increasing Conversion Efficiency in Fuel Ethanol Production from Lignocellulosic 
Biomass by Polygeneration – and a Paradoxon between Energy and Exergy in Process Integration. 23rd 
International Conference on Efficiency, Cost, Optimization, Simulation and Environmental Impact of Energy 
Systems (ECOS 2010). Lausanne, Switzerland. 
 Analysis of Technological Schemes for the Efficient Production of Added Value Products from 
Colombian Oleochemical Feedstocks  
 
87 
 
Gerpen, J. V. and G. Knothe (2008). Chapter 16: Bioenergy and Biofuels from Soybeans. Soybeans Chemistry, Production, 
Processing, and Utilization. L. A. Johnson, P. J. White and R. Galloway. United States, AOCS press: 499-538. 
Gervajio, G. C. (2005). Chapter 1: Fatty Acids and Derivatives from Coconut Oil. Bailey’s Industrial Oil and Fat Products: 
Industrial and Nonedible Products from Oils and Fats. F. Shahidi. Hoboken, New Jersey, USA, John Wiley & Sons, 
Inc. 6: 1-56. 
Gouveia, L. and A. Oliveira (2009). "Microalgae as a raw material for biofuels production." Journal of Industrial Microbiology 
and Biotechnology 36(2): 269-274. 
Grassi, G. and A. Allan (2007). Bioelectricity and Cogeneration. Improvement of Crop Plants for Industrial End Uses. P. 
Ranalli, Springer. 
Gübitz, G. M., M. Mittelbach, et al. (1999). "Exploitation of the tropical oil seed plant Jatropha curcas L." Bioresource 
Technology 67(1): 73-82. 
Gui, M. M., K. T. Lee, et al. (2008). "Feasibility of edible oil vs. non-edible oil vs. waste edible oil as biodiesel feedstock." 
Energy 33(11): 1646-1653. 
Gunstone, F. D. (2005). Chapter 6: Vegetable Oils. Bailey’s Industrial Oil and Fat Products: chemistry, properties, and health 
effects. F. Shahidi. Hoboken, New Jersey, USA, John Wiley & Sons, Inc. 1: 214-268. 
Guo, A. and Z. Petrovic (2005). Chapter 6: Vegetable Oils-Based Polyols. Industrial Uses of Vegetable Oils. S. Z. Erhan. 
Champaign, USA, AOCS Press: 30. 
Gutiérrez, L. F. (2008). Study and design of simultaneous reaction-extraction processes. Department of Chemical 
Engineering. Manizales Colombia, National University of Colombia at Manizales. Ph.D: 162. 
Haas, W. and M. Mittelbach (2000). "Detoxification experiments with the seed oil from Jatropha curcas L." Industrial Crops 
and Products 12(2): 111-118. 
Hackl, R. and S. Harvey (2010). Opportunities for Process Integrated Biorefinery Concepts in the Chemical Cluster in 
Stenungsund. Göteborg, Sweden, Chalmers University of Technology. 
Hall, D. O. (1997). "Biomass energy in industrialised countries--a view of the future." Forest Ecology and Management 91(1): 
17-45. 
Haq, Z. (2010). "Biomass for Electricity Generation ", from www.eia.doe.gov/oiaf/analysispaper/biomass/pdf/biomass.pdf. 
Hill, K. (2000). "Fats and oils as oleochemical raw materials." Pure and Applied Chemistry 72(7): 1255-1264. 
HM Associates Inc. (2003). Assessment of the commercial potential for small gasification combined cycle and fuel cell 
systems phase ii final draft report, U.S. Department of Energy, Office of Fossil Energy,Office of Coal and Power 
Systems. 
Hoh, R. (2010). Malaysia Biofuels Annual Report 2010. G. A. I. Network. Kuala Lumpur, USDA Foreign Agricultural Service. 
Hövelmann, P. (1994). The Basis of Detergents: Basic Oleochemicals. Proceedings of the 3rd World Conference on 
Detergents: Global Perspectives. A. Cahn. New York, Arno Cahn Consulting Services, Inc.: 6. 
Iakovou, E., A. Karagiannidis, et al. (2010). "Waste biomass-to-energy supply chain management: A critical synthesis." 
Waste Management 30(10): 1860-1870. 
IEA (2007). Biofuel Production. IEA Energy Technology Essentials. Paris, France, The Organisation for Economic Co-
operation and Development - International Enrgy Agency: 4. 
IEA (2011). World Energy Outlook 2011, Interntional Energy Agency - OECD Publishing. 
IICA (2010). Atlas de la agroenergía y los biocombustibles en las Américas:II Biodiésel. San José, Costarica, Programa 
Hemisférico en Agro-energía y Biocombustibles - Instituto Interamericano de Cooperación para la Agricultura. 
Illingworth, D. (2002). Chapter 11 Fractionation of Fats. Physical properties of lipids. A. Marangoni and S. Narine, Marcel 
Dekker, INC: 37. 
Jacek Topolski, J. B. (2000). Efficiency of HRSG within a Combined Cycle with gasification and sequential combustion at 
GT26 Turbine. Reacting Flows Department, Institute of Fluid-Flow Machinery Polish Academy of Sciences. 
Joelianingsih, H. Nabetani, et al. (2012). "A continuous-flow bubble column reactor for biodiesel production by non-catalytic 
transesterification." Fuel 96(0): 595-599. 
Kamm, B., M. Kamm, et al. (2010). Chapter 16: Biobased polymers by chemical valorization of biomass components. 
Encyclopedia of Energy Research and Policy. A. L. Zenfora, Nova Science Publishers, Inc.: 449-480. 
Kanya, T. C. S., L. J. Rao, et al. (2007). "Characterization of wax esters, free fatty alcohols and free fatty acids of crude wax 
from sunflower seed oil refineries." Food Chemistry 101(4): 1552-1557. 
Kapur, J. P., S. D. Bhasin, et al. (1982). "OILSEEDS FOR FOOD AND INDUSTRIAL APPLICATIONS." Chemical Age of 
India 33(9): 475-482  
Kaufman, A. J. and R. J. Ruebush (1990). Oleochemicals: A World Overview. World Conference on Oleochemicals into the 
21st Century, Kuala Lampur, Malaysa, Americanl Oil Chemists' Society. 
KBC (2000). Pinch Technology. Surrey, United Kingdom, KBC Energy Services - KBC Advanced Technologies plc. 
Kemp, I. C. (2007). Pinch Analysis and Process Integration, Second Edition: A User Guide on Process Integration for the 
Efficient Use of Energy Londo, United Kindom, Elsevier. 
Kiatsimkul, P.-p., G. J. Suppes, et al. (2007). "Production of new soy-based polyols by enzyme hydrolysis of bodied soybean 
oil." Industrial Crops and Products 25(2): 202-209. 
Kiss, A. A. (2010). "Separative reactors for integrated production of bioethanol and biodiesel." Computers & Chemical 
Engineering 34(5): 812-820. 
Knothe, G. and R. Dunn (2005). Chapter 4 Biodiesel: An Alternative Diesel Fuel from Vegetable Oils or Animal Fats. 
Industrial Uses of Vegetable Oils. S. Z. Erhan. Champaign, USA, AOCS Press: 48-96. 
Kojima, M., D. Mitchell, et al. (2007). Considering Trade Policies for Liquid Biofuels: Renewable Energy, Special Report 
004/07, World Bank. 
Kotrba, R. (2010). "Global Biodiesel Production and Market Report." Biodiesel Magazine(September). 
 Analysis of Technological Schemes for the Efficient Production of Added Value Products from 
Colombian Oleochemical Feedstocks  
 
88 
 
Kumar, A. and S. Sharma (2008). "An evaluation of multipurpose oil seed crop for industrial uses (Jatropha curcas L.): A 
review." Industrial Crops and Products 28(1): 1-10. 
Laabs, E. and F. Gröteke (2010). The Brazilian biodiesel-program – a socially acceptable approach in biofuel production? 
7th Pan-European IR Conference Stockholm, Sweeden. 
Larson, E. D. (2008). Biofuel production technologies: status, prospects and implications for trade and development. United 
Nations Conference on Trade and Development, New York and Geneva. 
Ling, T. and A. Aden (2011). Chapter 4: The Economics of Current and Future Biofuels. Biofuels: Global Impact on 
Renewable Energy, Production Agriculture, and Technological Advancements. D. Tomes, P. Lakshmanan and D. 
Songstad, Springer Science: 37-71. 
Linnhoff, B. and D. R. Vredeveld (1984). "Pinch Technology Has Come Of Age." Chemical Engineering Progress 80(7): 33-
40. 
Liu, D. H. F. (1997). 3.11 Process Integration. Environmental Engineers' Handbook. D. H. F. Liu and B. G. Liptak, CRC 
Press. 
Mailer, R. J. (2004). OILSEEDS | Overview. Encyclopedia of Grain Science. C. Wrigley. Oxford, Elsevier: 380-385. 
Martín, C., A. Moure, et al. (2010). "Fractional characterisation of jatropha, neem, moringa, trisperma, castor and candlenut 
seeds as potential feedstocks for biodiesel production in Cuba." Biomass and Bioenergy 34(4): 533-538. 
Martínez, H. (2006). Agroindustria y competitividad: Estructura y dinámica en Colombia 1992-2005. Bogotá, Colombia, 
Ministerio de Agricultura y desarrollo rural -  IICA Colombia. 
McKeon, T. A. (2005). Chapter 1: Genetic Modification of Seed Oils for Industrial Applications. Industrial Uses of Vegetable 
Oils. S. Z. Erhan. Champaign, USA, AOCS Press: 20. 
McKevith, B. (2005). "Nutritional aspects of oilseeds." British Nutrition  Foundation - Nutrition Bulletin 30: 13-26. 
MINAGRICULTURA (2004). XII Cadena de las Oleaginosas. La competitividad de las cadenas agroproductivas en 
Colombia: Análisis de su estructura y dinamica (1991-2004). Bogotá, Colombia, Ministerio de Agricultura y 
Desarrollo Rural - IICA Colombia: 479-506. 
Mitchell, D. (2011). Biofuels in Africa: Opportunities, Prospects, and Challenges. Washington, USA, The International Bank 
for Reconstruction and Development / The World Bank. 
Mousdale, D. M. (2008). Biofuels: Biotechnology, Chemisitry and Sustainable Development, CRC Press Taylor & Francis 
Group. 
Murphy, D. J. (2009). "Oil palm: future prospects for yield and quality improvements." Lipid Technology 21: 257. 
Murugesan, A., C. Umarani, et al. (2009). "Production and analysis of bio-diesel from non-edible oils—A review." Renewable 
and Sustainable Energy Reviews 13: 825-834. 
Myint, L. and M. El-Halwagi (2009). "Process analysis and optimization of biodiesel production from soybean oil." Clean 
Technologies and Environmental Policy 11(3): 263-276. 
Nag, A. and P. Manchikanti (2008). Chapter 2. Photosynthetic Plants as Renewable Energy Sources. Biofuels Refining and 
Performance. A. Nag, McGraw Hill: 45-69. 
Nagel, J. (2000). "Determination of an economic energy supply structure based on biomass using a mixed-integer linear 
optimization model." Ecological Engineering 16(Supplement 1): 91-102. 
Naik, M., L. C. Meher, et al. (2008). "Production of biodiesel from high free fatty acid Karanja (Pongamia pinnata) oil." 
Biomass and Bioenergy 32(4): 354-357. 
O'Brien, J. M. and P. K. Bansal (2000). Modelling of Cogeneration Systems part 1: Historical Perspective. Proceedings of the 
Institution of Mechanical Engineers -- Part A -- Power & Energy, Professional Engineering Publishing. 214: 115-
124. 
OECD-FAO (2010). OECD-FAO Agricultural Outlook 2010-2019. Paris, France, Organisation for Economic Co-Operation 
and Development -  Food and Agriculture Organization of the United Nations: 251. 
OECD-FAO (2011). Agricultural Outlook 2011-2020. Paris, France, Organisation for Economic Co-Operation and 
Development -  Food and Agriculture Organization of the United Nations: 197. 
Onyestyák, G., S. Harnos, et al. (2012). "Indium, as an efficient co–catalyst of Cu/Al2O3 in the selective hydrogenation of 
biomass derived fatty acids to alcohols." Catalysis Communications(0). 
Peng, B.-X., Q. Shu, et al. (2008). "Biodiesel production from waste oil feedstocks by solid acid catalysis." process safety 
and environment protection 86: 441-447. 
Perry, S., J. Klemeš, et al. (2008). "Integrating waste and renewable energy to reduce the carbon footprint of locally 
integrated energy sectors." Energy 33(10): 1489-1497. 
PGTHERMAL. (2009). "Introduction To HRSG Design." from http://www.hrsgdesign.com/design0.htm. 
Phan, A. N. and T. M. Phan (2008). "Biodiesel production from waste cooking oils." Fuel 87: 3490-3496. 
Pokoo-Aikins, G., A. Nadim, et al. (2009). "Design and analysis of biodiesel production from algae grown through carbon 
sequestration." Clean Technologies and Environmental Policy 12(3): 239-254. 
Posada, J. A. and C. A. Cardona (2010). "Análisis de la refinación de glicerina obtenida como co-producto en la producción 
de biodiesel (Validation of glycerin refining obtained as a by-Product of biodiesel production)." Ingeniería y 
Universidad 14: 2-27. 
Posada, J. A. and C. A. Cardona (2010). "Design and analysis of fuel ethanol production from raw glycerol." Energy 35(12): 
5286-5293. 
Posada, J. A., L. E. Rincón, et al. (2012). "Design and analysis of biorefineries based on raw glycerol: Addressing the 
glycerol problem." Bioresource Technology 111(0): 282-293. 
Prasad, S. B. (1995). "Biomass-fired steam power cogeneration system: A theoretical study." Energy Conversion and 
Management 36(1): 65-77. 
Quintero, J., E. Felix, et al. (2012). "Social and techno-economical analysis of biodiesel production in Peru." Energy Policy 
43(0): 427-435. 
 Analysis of Technological Schemes for the Efficient Production of Added Value Products from 
Colombian Oleochemical Feedstocks  
 
89 
 
Ramachandran, S., S. K. Singh, et al. (2007). "Oil cakes and their biotechnological applications - A review." Bioresource 
Technology 98(10): 2000-2009. 
Reith, J. H., H. d. Uil, et al. (2002). Co-production of bio-ethanol, electricity and heat from biomass residues. 12th European 
Conference and Technology Exhibition on Biomass for Energy, Industry and Climate Protection. Amsterdam, the 
Netherlands. 
Resource Dynamics Corporation (2004). Combined Heat and Power Market Potential for Opportunity Fuels, U.S. 
Department of Energy  
Rincón, L. E., J. A. Quintero, et al. (2011). Análisis de las posibilidades de generación de calor y electricidad a partir de la 
gasificación de bagazo de caña. XXVI Congreso Colombiano de Ingeneria Química, Barrancabermeja, Colombia. 
SAGARPA (2010). Programa de Producción Sustentable de Insumos para Bioenergéticos y de Desarrollo Científico y 
Tecnológico (2010-2012). Ciudad de Mexico. 
Sahrawat, K. (1980). "Control of urea hydrolysis and nitrification in soil by chemicals—Prospects and problems." Plant and 
Soil 57(2): 335-352. 
Sahrawat, K. and S. Mukerjee (1977). "Nitrification inhibitors." Plant and Soil 47(1): 27-36. 
Sanjay, O. Singh, et al. (2009). "Comparative performance analysis of cogeneration gas turbine cycle for different blade 
cooling means." International Journal of Thermal Sciences 48(7): 1432-1440. 
Saouter, E., G. V. Hoof, et al. (2006). Oleochemical and Petrochemical Surfactants: An Overall Assessment. Renewables-
Based Technology. J. D. a. H. V. Langenhove. West Sussex, England, John Wiley & Sons,: 265-279. 
Sarin, R., R. Kumar, et al. (2009). "Biodiesel surrogates: Achieving performance demands." Bioresource Technology 100: 
3022-3028. 
Scrimgeour, C. (2005). Chapter 1: Chemistry of Fatty Acids. Bailey’s Industrial Oil and Fat Products: chemistry, properties, 
and health effects. F. Shahidi. Hoboken, New Jersey, USA, John Wiley & Sons, Inc. 1: 1-44. 
Schroeder, K. (2005). Chapter 5: Glycerine. Bailey’s Industrial Oil and Fat Products: Industrial and Nonedible Products from 
Oils and Fats. F. Shahidi. Hoboken, New Jersey, USA, John Wiley & Sons, Inc. 6: 191-222. 
Shahid, E. M. and Y. Jamal (2008). "A review of biodiesel as vehicular fuel." Renewable and Sustainable Energy Reviews 
12(9): 2484-2494. 
Sharma, Y. C., B. Singh, et al. (2008). "Advancements in development and characterization of biodiesel: A review." Fuel 
87(12): 2355-2373. 
Shaw, J.-F. (2002). Lipase-Catalyzed Synthesis of Value-Added Fatty Acid Esters. Lipid Biotechnology. M. Dekker: 6. 
Shen, Y. H., J. K. Cheng, et al. (2011). "Design and control of biodiesel production processes with phase split and recycle in 
the reactor system." Journal of the Taiwan Institute of Chemical Engineers 42(5): 741-750. 
Shoo, D. (2010). "Commercial Biodiesel Production Plants."   Retrieved August 28th, 2011, from 
http://www.ehow.com/list_7601527_commercial-biodiesel-production-plants.html. 
Smith, R. (2005). Chemical Process: Design and Integration, Wiley. 
Srivastava, A. and R. Prasad (2000). "Triglycerides-based diesel fuels." Renewable and Sustainable Energy Reviews 4(2): 
111-133. 
Susta, M. R., P. Luby, et al. (2003). "Biomass Energy Utilization & Environment Protection - Commercial Reality and 
Outlook." Power-Gen Asia. 
Tesser, R., L. Casale, et al. (2009). "Kinetics of free fatty acids esterification: Batch and loop reactor modeling." Chemical 
Engineering Journal 154(1-3): 25-33. 
Thanh, L. T., K. Okitsu, et al. (2010). "A two-step continuous ultrasound assisted production of biodiesel fuel from waste 
cooking oils: A practical and economical approach to produce high quality biodiesel fuel." Bioresource Technology 
101(14): 5394-5401. 
Tyson, K. S., J. Bozell, et al. (2004). Biomass Oil Analysis: Research Needs and Recommendations. Cole Boulevard, 
Golden, Colorado, National Renewable Energy Laboratory: 116. 
Tyson, K. S., J. Bozell, et al. (2004). Technical Report: Biomass Oil Analysis:Research Needs and Recommendations, 
National Renewable Energy Laboratory. 
Uddin, S. N. and L. Barreto (2007). "Biomass-fired cogeneration systems with CO2 capture and storage." Renewable Energy 
32(6): 1006-1019. 
UN Foundation. (2007). "Biomass conversion technologies." from http://www.globalproblems-globalsolutions-
files.org/gpgs_files/pdf/UNF_Bioenergy/UNF_Bioenergy_5.pdf. 
UPME (2012). Proyección de Demanda de Combustibles Líquidos y GNV en Colombia. Bogotá, Colombia, Ministerio de 
Minas y Energía - Unidad de Planeación Minero Energética, UPME.: 60. 
Van Gerpen, J., B. Shanks, et al. (2004). Biodiesel Production Technology. 
Vasudevan, P. and M. Briggs (2008). "Biodiesel production—current state of the art and challenges." Journal of Industrial 
Microbiology and Biotechnology 35(5): 421-430. 
Vlysidis, A., M. Binns, et al. (2011). "A techno-economic analysis of biodiesel biorefineries: Assessment of integrated designs 
for the co-production of fuels and chemicals." Energy 36(8): 4671-4683. 
von Lampe, M. (2006). Agricultural market impacts of future growth in the production of biofuels. Paris, France, Organisation 
for Economic Co-operation and Development (OECD). 
Wright, A. J., H. D. Batte, et al. (2005). "Effects of Canola Oil Dilution on Anhydrous Milk Fat Crystallization and Fractionation 
Behavior." Journal of Dairy Science 88(6): 1955-1965. 
Yuan, Z., J. Wang, et al. (2010). "Biodiesel derived glycerol hydrogenolysis to 1,2-propanediol on Cu/MgO catalysts." 
Bioresource Technology 101(18): 7088-7092. 
Zaliha, O., C. L. Chong, et al. (2004). "Crystallization properties of palm oil by dry fractionation." Food Chemistry 86(2): 245-
250. 
 Analysis of Technological Schemes for the Efficient Production of Added Value Products from 
Colombian Oleochemical Feedstocks  
 
90 
 
Zheng, M., R. L. Skelton, et al. (2007). "Biodiesel Reaction Screening Using Oscillatory Flow Meso Reactors." Process 
Safety and Environmental Protection 85(5): 365-371. 
Zia, K. M., H. N. Bhatti, et al. (2007). "Methods for polyurethane and polyurethane composites, recycling and recovery: A 
review." Reactive and Functional Polymers 67(8): 675-692. 
 
 
  
 Analysis of Technological Schemes for the Efficient Production of Added Value Products from 
Colombian Oleochemical Feedstocks  
 
91 
 
CHAPTER 4 
METHODOLOGY FOR 
PROCESS DESIGN AND 
ANALYSIS 
_______________________________________________________________________ 
4. Overview 
This chapter summarizes the methodology framework used for the process design 
and assesses of technological schemes for the conversion of oleochemical 
feedstocks into added value products. Process design strategies based on 
knowledge and process simulation were employed for design and simulate these 
transformation routes. According to their impact and applicability, different 
assessments were applied (e.g. Energy consumption, Economic, Environmental 
and Social). 
4.1 Feedstock Selection 
This thesis was aimed to design and analyze technologies for the efficient use of 
Colombian oleochemical feedstocks. In this sense it was first necessary to collect 
and classify information regarding to oleochemical feedstocks, derivatives, routes 
and markets. The obtained information was compared and analyzed according to 
transformation routes. The comparison criteria were economic and operational 
(conversion, yield productivity). All required information was collected from primary 
and secondary sources in open and scientific literature. This information was 
employed as the basis to select the feedstocks considered in this thesis. This 
procedure is better described in the follow section. 
 
Five feedstocks were selected to be analyzed as a base of Colombian 
Oleochemical industry. These feedstocks were selected from a list of nine options, 
which appeared in the "Encuesta Nacional Manufacturera" (DANE, 2009) as part of 
Colombia Oleochemical industry. Moreover, jatropha, microalgae and waste 
cooking oils were as potential feedstocks were included in this list. The above 
options were scored under five categories result of the data collected in previous 
chapters, which consider different positive and negative features of oleochemical 
feedstocks: 
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Table 4-1 Selection of Oleochemical feedstocks 
 
+ -  
  
National 
Availability  
Potential 
Oleochemical 
Derivatives 
Projected 
Expansion 
Impact  on 
Food 
Security  
Land 
Requirement 
Total 
Score 
Animal Fats 1 1 1 0 0 3 
Castorbean 1 5 4 0 3 7 
Cottonseed 2 2 2 0 3 3 
Jatropha 1 3 4 0 3 5 
Maize 4 5 5 5 3 6 
Microalgae 0 5 1 0 1 5 
Oil Palm 5 3 5 4 3 6 
Rapeseed 1 3 1 4 2 -1 
Sesame 1 2 1 4 4 -4 
Sunflower 1 3 1 4 3 -2 
Waste Cooking Oils 0 1 1 0 0 2 
Score: 0 = Lowest, 5 = Highest 
 
Positive Features 
 National Availability, this value represents the impact of current planted 
area or available supply of a feedstock. High scores grant a continuous 
supply and capacity to cover expansion on demand. 
 Potential Oleochemical derivatives, this value stands for the amount of 
oleochemical derivatives, which potentially can be produced from a given 
feedstock. Thus, a high scored feedstock can produce fatty acids, fatty 
esters, meals, alcohols, etc.  
 Projected Expansion, it is determined by market and projects developed 
for this feedstock by universities and research centers. For instance, oil 
palm and maize have high projected expansions, while sesame and 
sunflower are reducing their planted areas. Moreover, jatropha and 
castorbean have currently low planted areas but they are subject to 
research to be used as biodiesel feedstocks. High scores represent future 
development of a feedstock. For instance, jatropha has a low national 
availability but considering the projects being developed by CORPOICA. It 
can be considered that this feedstock will be expanded in Colombia in 
during next decades. 
 
Negative Features 
 Impact on Food Security, some feedstocks have additional edible uses 
both for human and animal consumption. This feature can reduce the 
available feedstock for oleochemical derivatives production. Higher scores 
represent feedstocks with high edible uses (e.g. Maize) 
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 Land Requirements, there are feedstocks with low yields and 
consequently, require high planted areas. It might cause competition with 
food crops or affect negatively ecosystems. Higher scores represent 
feedstock with low yields. 
 
The total score for each option was calculated as Positive features - Negative 
Features. According to this the top five feedstocks were selected 1) Castorbean, 2) 
Oil Palm, 3) Maize, 4) Microalgae and 5) Jatropha (see Table 4-1).  
 
4.2 Process Design Approach 
The oleochemical derivatives demand a multiproduct approach for the designed 
technologies, which allow obtaining the maximum benefit from an initial feedstock 
in a sustainable way. The best approach is to design process type biorefinery 
where it is possible to integrate different plants leading to multiproduct portfolios. 
These alternatives require to evaluate their sustainability and integrate different 
concepts which combined develop different steps for process synthesis and 
assessment (Clark, 2007, 2012; H Clark, EI Deswarte, & J Farmer, 2009; Octave & 
Thomas, 2009). 
 
The first stage of this approach considers the individual steps required for the 
synthesis of technological schemes. This task is performed based on a strategy 
based on knowledge. It allows generating systematically alternatives, which 
consider the specific characteristics of each process. This heuristic and 
hierarchical methodology emphasizes in both the decomposition and analysis of 
different process alternatives, allowing a quick selection of technological 
configurations that are often close to the best solution. Furthermore, the nature of 
this approach, allows discarding many configurations easily, which in general do 
not lead to "good" designs. In addition, tiered design allows the use of process 
simulators, and thus the process diagram can be completed in an evolutionary 
manner. This methodology has been applied primarily to processes of chemical or 
petrochemical industry (J.A. Posada, 2011). 
 
The traditional hierarchical decomposition methodology based on the onion 
diagram is summarized by (R. Smith, 2005). This sequential procedure allows 
designing and comparing different alternatives for the same objective. The process 
design starts analyzing the reaction step, and subsequently the layer of the onion 
diagram adding stages such us: the separation and recycle system according to 
the Fig. 4.1. Then, the design comprises process integration strategies. They are 
important for biorefinery design in order to perform a complete usage mass and 
energy, through integration strategies. In this stage, there are considered two types 
of mass integration: Internal and External. It first includes all process streams 
generated internally in the biorefinery, which are used to feed different plant within 
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the process itself. Second is addressed to reduce external consumption of 
reagents, recovering them from waste streams and returning to the process 
according to criteria such as contaminant loads (M. El-Halwagi, 2006; M. M. El-
Halwagi & Manousiouthakis, 1989). Meanwhile, heat integration is performed 
combining pinch analysis (Linnhoff & Vredeveld, 1984) and total site analysis 
(Hackl & Harvey, 2010) strategies; as it was described in chapter 3. Finally, heating 
and electricity requirements obtained from energy analysis and simulation, are 
used as targets for cogeneration system design. Beneficial use of these residues 
can benefit the process and reduce the total production costs (Rincón & Cardona, 
2011). Primarily, the integration of co-generation provides energy to cover the 
energy requirements for the biorefineries facilities reducing the cost for purchasing 
this energy. Secondly, in some instances, surplus energy can be generated and 
sell to the grid for an additional income. 
4.3 Process Simulation 
Aspen Plus V. 7.1 (Aspen Technology Inc., USA) is the main used tool for defining, 
structuring, specifying, and simulating the technological schemes for the 
transformation of selected feedstocks into added value products. Information 
required for simulating the most basic technological schemes such as: physical 
and chemical properties, parameters of design, and operation of processing units, 
are mainly obtained from secondary sources (e.g., articles, technical reports, 
databases, patents, among others). Then, the most complex and detailed 
technological schemes are obtained by mean of rigorous simulations, which 
involve sensitivity analysis and search of optimal operation conditions. The 
simulations generated data on mass and energy balances; basic engineering 
estimations of equipment sizes and its energy consumption. This information is 
then used in the production calculations.  
 
Table 4-2 Chemical composition of selected feedstocks 
 Composition Palm Maize Jatropha Castor 
Microalgae 
(Chlorella 
Vulgaris) 
Moisture 
(%wt) 
5.86% 14.7% 6.2% 0.7% 6.02% 
Protein (%wt) 6.31% 7.8% 18.0% 18.7% 38.73% 
Oil (%wt) 37.87% 3.7% 38.0% 54.2% 30.12% 
Fiber (%wt) 45.45% 8.3% 32.5% 23.9% 17.99% 
Ash (%wt) 4.51% 2.0% 5.3% 2.6% 7.14% 
Starch (%wt) 
 
61.31% 
   
Sugars(%wt) 
 
2.22% 
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Gheewala, & 
Garivait, 2004) 
(Vásquez, 
Abadía, & 
Arreaza, 2004) 
(Akintayo, 2004; 
Patil, Gude, & 
Deng, 2009) 
(Conceição, 
Candeia et al. 2007) 
(Marta M.  Conceição 
et al., 2005; Phukan, 
Chutia, Konwar, & 
Kataki, 2011) 
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For simulation purposes, biomass, and vegetable oils were considered as a 
mixture represented by groups of compounds (i.e. proteins, fiber, oils, ash, among 
others). Thus, specific values for each group were calculated from chemical 
compositions (see Table 4-2). Then, they were included as conventional or non-
conventional components according to their features.  
 
Oleochemical feedstocks are composed by different proportions of fatty acids; 
whose combination results in a different number of triglycerides (POP, PPP, OSO, 
etc.). However, all these feedstock (except ricinoleic acid) provides to resulting 
triglycerides similar physicochemical properties. Consequently, they can be 
managed as a single pseudocomponent which represents the oleochemical 
feedstock. The method used  for this conversion was reported by (Chang & Liu, 
2009). For those components and properties not included in the Aspen Plus 
database, subroutines and special software were designed to predict the needed 
component properties for simulation. For conventional molecules and 
pseudotriglicerides missing thermodynamic properties (e.g. critical temperature, 
formation heat), were estimated according to the methodology proposed by  
(Marrero & Gani, 2001), or obtained from (R. Wooley & Putsche, 1996a) and NIST 
Database. Meanwhile, biomass (extraction cakes) and enzymes were considered 
as solids and as non-conventional compounds respectively. They were introduced 
into simulator's database according to chemical composition reported by (Akintayo, 
2004) for Jatropha Cake, (Piarpuzán, Quintero, & Cardona, 2011) Palm Cake, 
(Phukan, et al., 2011) for Microalgae paste and (Ramachandran, et al., 2007) for 
Castor Cake. The thermodynamic models used for the simulation of all processes 
were UNIFAC Dortmund model for liquid phase, the water enthalpy was calculated 
with NBS steam tables, and Soave Redlich Kwong with the Bosto Mathias (RKS-
BM) modification method for vapor phase (Batista, Monnerat, Kato, Stragevitch, & 
Meirelles, 1999). Last model is recommended for simulations involving complex 
compounds such as triglycerides. For instance, this model has been successfully 
used to model refinery and petrochemical processes (Mathias, Boston, & 
Watanasiri, 1984). Conversely, for those simulations involving ethanol NRTL model 
was employed using specific physical-property obtained from (R. Wooley & 
Putsche, 1996b; R. Wooley, Ruth, M., Sheehan, J., Ibsen, K., Majdeski, H., 
Galvez, A., 1999).  
 
Yield (%wt) = 58.6 + 10.2A + 16.8B + 9.11C + 18.5D – 5.34A2 – 4.28D2 + 5.63BD (1) 
 
Table 4-3 Optimized parameters for Equation (1) 
A: Reaction Time 5.00 h 
B: Temperature 60.00 °C 
C: Methanol/Seed Ratio 16.49 mL/g 
D: Catalyst Loading 24.55 wt % 
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The kinetic expressions for biodiesel transesterification of most of the selected 
feedstock were modeled using the general first and second order expressions for 
acid catalysis and basic catalysis provided by (Granjo, Duarte, & Oliveira, 2009). 
For esterification reactions, it was used the kinetic expression reported by 
(Prakoso, Rasidi, & Khair, 2009). Meanwhile, simultaneous reaction-extraction in 
biodiesel production from palm oil was modeled according to yield values reported 
by (L.F. Gutiérrez, 2008). 
 
Conversely, oil-extraction-reaction process for jatropha biodiesel, which also uses 
acid catalysis, was modeled with a yield expression reported by (Shuit, Lee, 
Kamaruddin, & Yusup, 2010b) and presented in equation (1). This model is a 
function of reaction time (A), reaction temperature (B), methanol to seed ratio (C), 
and catalyst loading (D). This expression was also used to calculate a set of 
optimum parameters, which produces a maximum yield of 97% as shown in Table 
4-3.  For the remaining reactive systems were as follows. a) Glycerol derivatives: 
For glycerol hydrogenolysis, it was used conversion values reported by (Akiyama, 
Sato, Takahashi, Inui, & Yokota, 2009).  Moreover, glycerol purification is modeled 
according to the methodology proposed by (John A. Posada, et al., 2012b).  A two 
steps process for the selective production of 1,2-propanediol from glycerol was 
developed according to the model proposed by (Akiyama, et al., 2009). Ethylene 
glycol production from glycerol was modeled using conversion values and 
operation conditions defined by (Lahr & Shanks, 2005). b) Microalgae 
Cultivation, the photoreactor operation was modeled according to values reported 
by (Jaramillo, 2012). c) Polyol production, this process was modeled following 
the configuration and yields reported (Junming, Jianchun, & Jing, 2012). d) 
Biomass Gasification, the gasification process of extraction cakes was modeled 
according to molar yields reported by (Mozaffarian, Deurwaarder, & Kersten, 2004; 
Rincón, et al., 2011a; L.E. Rincón, J.A. Quintero, C.A. Cardona, I. Ahmed, & A.K.  
Gupta, 2011b). e) Ethanol production: From maize according to procedure and 
values from (J. A. Quintero, Montoya, Sánchez, Giraldo, & Cardona, 2008), from 
lignocellulosics with values from (Cardona Alzate & Sánchez Toro, 2006), and from 
glycerol fermentation from values reported by (John A. Posada, et al., 2012b). The 
errors margins on these simulations depend on estimation and calculations. The 
typical error by using mass and energy balances approaches ranged over 5-10%. 
Finally, another contributor source of errors is derived from properties estimation 
as well as thermodynamic calculations.   
4.4 Process assessments 
4.4.1 Energy consumption 
Energy consumption calculations were conducted based on the simulation data of 
thermal energy required by the heat exchangers, reboilers and related units. Heat 
integration systems were designed using Aspen Energy Analyzer v 7.1 (Aspen 
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Technology Inc., USA). This tool provides annualized costs before and after heat 
integration, as well as the design of heat integration network. Final utility targets 
were supplied also by this tool, according to selected utilities.  The exergy losses 
were calculated to complement analysis of jatropha biodiesel comparing 
conventional and oil-extraction-reaction technologies. It was considered as a 
property which measures the quality of energy as an indicator of system 
performance of the process according to the methodology proposed by (Hau & 
Bakshi, 2004). 
 
 
Table 4-3  Main prices values for the economic assessment 
Jatropha Oil $        320.0 USD/TON 
Crude palm oil $      1,160.0 USD/TON 
Crude palm kernel oil $      1,385.0 USD/TON 
Palm Factions $     1,500.0 USD/TON 
Crude Castor  Oil $     1,234.6 USD/TON 
Crude Maize Oil $        815.7 USD/TON 
Refined Maize  Oil $     1,060.4 USD/TON 
Ethylene glycol $     1,763.7 USD/TON 
Omega 3 $   11,574.3 USD/TON 
Glycerine USP $     2,755.8 USD/TON 
Hexane $            0.3 USD/L 
Methanol $            0.3 USD/L 
Ethanol $            0.6 USD/L 
Oleic Acid $     1,124.4 USD/TON 
Phosphoric Acid 85% $        864.2 USD/TON 
Stearine $     1,763.7 USD/TON 
Sulfuric Acid $          85.0 USD/TON 
Source: (ATKEARNEY, 2010; FEDEPALMA, 2012; ICIS pricing, 2010a, 2010b, 2011a, 2011b) 
4.4.2 Economic 
The economic analysis was performed using the Aspen Icarus Process Evaluator package 
(Aspen Technology, Inc., USA), using economic parameters of Colombia. This 
analysis was performed using the design information provided by Aspen Plus, 
under the economic conditions of Colombia (annual interest rate of 17% and tax 
rate of 33%). A straight line depreciation method, at 12 years of the analysis 
period, was considered. For raw material costs were employed the values of 
commercial oils and other reagents (methanol, sodium hydroxide, sulphuric acid, 
etc.) reported on ICIS pricing (ICIS pricing, 2010a, 2012). Maize and biofuels in 
Colombia, values reported by (FAO/GIEWS, 2012) and values reported by the 
National Federation of Biofuels (Fedebiocombustible, 2012b) were used 
respectively. Jatropha oil price was calculated based on values reported by (L. 
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Campuzano, 2010).  Microalgae oil as a non-commercial oil, it was employed 
values reported in literature by Campbell et al (Campbell, et al., 2011) for 
microalgae production in ponds using flue gas as substrate. For oil palm values 
reported by Fedepalma were used (FEDEPALMA, 2011, 2012) (see Table 4-3). 
Operative charges such as operator and supervisor labor costs were defined at 
USD 2.14/h and USD 4.29/h, respectively. Electricity, potable water and low and 
high steam pressure costs were USD 0.0304/kWh, USD 1.25/m3, USD 8.18/ton 
respectively. 
 
4.4.3 Environmental 
The environmental impact was assessed with WAR, Waste Reduction algorithm 
(EPA, USA), to estimate the potential environmental impact (PEI) generated in the 
biodiesel production process. Considering eight environmental impact categories: 
Human toxicity potential by ingestion (HTPI), Human toxicity potential by exposure 
both dermal and inhalation (HTPE), Terrestrial toxicity potential (TTP), Aquatic 
toxicity potential (ATP), Global warming potential (GWP), Ozone depletion potential 
(ODP), Photochemical oxidation potential (PCOP), and Acidification potential (AP). 
The mass flow rate of each component in the process streams is multiplied by its 
chemical potency; determining its contribution to the potential environmental 
impact categories (T.M. Mataa 2005). To compare the environmental profiles for all 
processes, total PEI was determined by the sum of all (eight) potential 
environmental impact categories as follows:     
 
   , where αi is the weighting 
factor for potential environmental impact category i, and φi represents the potential 
environmental impact for category i. In this work all of the weighting factors were 
set equal to 1 (C.A. Cardona, Marulanda, & Young, 2004; Young, Scharp, & 
Cabezas, 2000). For oil palm crops, it was collected information of agronomic 
production requirements and economy. This information was used to calculate crop 
production costs and as a part of LCU analysis of oil palm expansion in Colombia 
using ExAct Tool. The methodology of this analysis and this tool is detailed in 
Chapter 5.  
4.4.4 Social 
In order to assess the potential for the participation of smallholders in bioenergy 
business, different scenarios of biodiesel production from oil palm and maize were 
analyzed. The scenarios were developed based on the participation of 
smallholders in the value chain as feedstock providers. The underlying assumption 
is that smallholders and commercial producers create partnerships to supply local 
biodiesel industries. Those scenarios were established according to the specific 
production conditions of oilseed planters in Colombia, both for commercial and 
smallholders producers (Andrés F. Arias, 2007; FAO, 2010a). In addition, each 
analysis scenario included considerations on oilseed type, oil content, labor and 
machinery cost, technical assistance, production technologies and final use of by 
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products. All these together allowed analyzing the impact of the feedstock 
(commercial and/or smallholders producers) on the biodiesel production costs. In 
the next sections specific considerations regarding the scenarios development and 
the simulation process of biodiesel production are detailed. 
 
Regard to food security in some cases it can be subsidy, depending on profitability 
considering other products, in other cases food security is included as a product. 
The most important is to guarantee food security, not wasting land increasing 
productivity that support food security, including a very deep social impact of food 
security, especially in emergent countries including the opportunities for 
optimization of the food security supply chain (C.A. Cardona et al., 2011). 
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CHAPTER 5 OIL PALM 
DERIVATIVES 
___________________________________ 
5. Overview 
In this chapter, different levels of oil palm processing are considered, adding the 
analysis of palm biodiesel supply chain. First, it was analyzed how including 
smallholders into biodiesel business production costs could be reduced and the 
profitability increased. Then, the supply chain of palm biodiesel in Colombia was 
optimized taking into account economic and environmental restrictions. This 
optimization evaluates the optimal conditions for oil palm expansion, based on 
market conditions, production costs and plant locations; the environmental variable 
was GHG emissions. Moreover, the implications on land-use change of required 
crop expansion were analyzed. Next part compares ethanolysis vs. methanolysis 
for biodiesel production from technical and economic points of view. This 
discussion is extended by developing two integration approaches where oil palm is 
used to generate added value products, including biodiesel, alcohols, and energy 
and palm olein. The process simulation using aspen plus V 7.1 was employed to 
model different production process; Aspen Economic Analyzer was used to 
estimated production costs and profit margin. The environmental assessment 
included the land-use change (LUC) and the potential environmental impact (PEI) 
calculations. The LUC was calculated using EX-act tool, while the PEI was made 
with EPA’s WAR tool. With relation to the optimization of biodiesel supply chain, 
GAMS tool was employed. The results revealed how association's smallholders-
commercial producers allow improving the economic viability of palm biodiesel 
production reducing production cost from 1.29 USD/L to 0.661 USD/L. According to 
supply chain analysis from an environmental point of view, oil palm crops should 
be expanded into the eastern region. Furthermore, an additional biodiesel plant 
should be at least built in Nariño's region, in order to supply cheaper and 
environmentally friendly biodiesel at the southern region of Colombia. The last part 
of this work considered two options of biorefineries based on oil palm. The results 
revealed that the integrated option where biodiesel, palm olein, methanol, and 
cogeneration of heat and electricity, presented the higher potential income, with 
lower environmental impact, being a sustainable option to think in a future 
development of biodiesel industry in Colombia. 
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5.1 Introduction 
Currently, more than 150,000 ha of oil palm fruits are harvested per annum, using 
this production to cover food and industrial applications of palm oil in Colombia 
(Fedebiocombustible, 2011). Colombia, as the third world palm oil producer, has 
based most of the oleochemical industry on this feedstock. While other feedstocks 
are under development or are exclusively imported, palm oil industry keeps 
growing (FEDEPALMA, 2010). 
 
There are four basic products derived from oil palm marketed in Colombia: RBD 
palm oil, Biodiesel, Olein and Stearin. Palm oil contains a mixture of high and low 
melting triglycerides. At ambient temperatures, higher melting triglycerides will 
crystallize into a solid fraction called stearin, while the lower melting triglycerides 
will remain in a liquid form called olein. Thus, using a simple dry fractionation 
process under various controlled conditions, palm oil can be resolved into liquid 
and various grades of palm stearin (Zaliha, et al., 2004). This Olein is used in salad 
and frying oils offering a high oxidative stability. Stearin and other mild palm 
fractions are preferred to manufacture margarines and shortenings. However, the 
palm fractions industry must compete with direct importations of crude oils from 
soybean, canola and sunflower. They are refined and mixed in local plants and 
introduced into the market, promoting their nutritional values. This situation 
addressed to fall in demand of palm oil and its fractions. However, since the issue 
of biodiesel mandates in Colombia palm oil became in the main supplier of this 
industry assuring a stable and continuous market for palm oil. Nevertheless, 
biodiesel industry is currently under expansion, and it will require an expansion of 
palm oil production to cover all requirements. Thus, it can be expected that most of 
the future development of palm oil industry in Colombia will be addressed by the 
expansion of palm oil biodiesel industry.  
 
Colombian Government has promoted the production and use of biofuels during 
last decade, as a part of its strategy to reduce fuels oil dependence, as well as, to 
promote rural development (J. A. Quintero, et al., 2008). This national policy is 
supported by different mandates established to regulate, implement, control and 
support the production, transport and use of fuel ethanol and biodiesel in Colombia.  
The Law 693 of 2001 and the Law 939 of 2004 have been the basis for technical 
policies, as well as, tax exemptions and quality standards (Secretaría del Senado, 
2001, 2004).  It was established that all fossil fuels (Gasoline and Diesel) in 
Colombia must contain a percent of the biofuels, (i.e. bioethanol blended with 
gasoline and biodiesel with diesel) (Ministerio de Medio Ambiente Vivienda y 
Desarrollo Territorial & Ministerio de Minas y Energía, 2005, 2007a, 2007b; 
Ministerio de Minas y Energía, 2003, 2005, 2007, 2008; Secretaría del Senado, 
2002). Particularly, for biodiesel and according to the policy act 2629 of 2007, B10 
(10% Biodiesel and 90% Diesel) blends must be implemented in 2010 and B20 in 
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2012. (Presidente de la República, 2007). Nevertheless, these blending targets 
were not reached in these years. Since December of 2011, the biodiesel blends are 
distributed throughout the Colombian territory were B2 (Eastern zone), B7 (Mid and 
Western) and B10 (Northern and Western zones) (Ferederación Nacional de 
Bicombustibles, 2012). The National Planning Department (DNP), via National 
Council of the Economical and Social Policies (CONPES), has indicated the 
biodiesel demand until 2020 can be covered with B10 blends, given the current 
expansion policies, and since 2020 the market growth in Colombia will implicate 
expansion on biodiesel blending from B10 to B20 (Consejo Nacional de Política 
Económica y Social, 2008; Infante & Tobón, 2010). 
 
In this chapter, different levels of the supply chain of palm oil and palm biodiesel 
are considered. First, it was analyzed how including smallholders into biodiesel 
business; the production costs can be reduced, and profitability increased. Then, 
the supply chain of palm biodiesel in Colombia was optimized taking into account 
economic and environmental restrictions. This optimization evaluates the optimal 
conditions for oil palm expansion, based on GHG emissions, market conditions, 
production costs and locations. Different locations of potential biodiesel plants and 
expansion in oil palm areas were considered. Finally, the implications over land-
use change of required crop expansion were analyzed. Next part compares 
ethanolysis vs. methanolysis for biodiesel production from technical and economic 
points of view. Finally, this discussion is extended developing two integration 
approaches where oil palm is used to generate added value products, including 
biodiesel, alcohols, energy and palm olein. 
5.2 Process description 
5.2.1  Palm Oil Extraction 
First stage of palm oil production is the oil extraction from fresh fruit bunches (FFB). 
The FFB contains crude palm oil (15–18%), shells (5–6%), kernels (5–6%), palm 
fiber (12–14%), and empty fruit bunches (25–27%) (Papong, Chom-In, Noksa-nga, 
& Malakul, 2010). In palm mills, FFB are first sterilized using saturated steam 
(26.4–31.6 tons/m2), during 50–75 min to deactivate the enzymes responsible of 
hydrolysis of triglycerides to free fatty acids. The sterilization process also helps to 
loosen the fruits from its brunches, so the oil can be easily extracted. The sterilized 
FFB are continuously fed into a rotary drum machine, where fruits are separated 
from bunches. After that, the fruits are sent to a cylindrical vertical tank, where they 
are digested at 100 °C; this process converts the fruits into a homogeneous oil 
mash suitable for pressing. The mashed fruit is passed through a filter press, where 
palm oil is extracted. This oil is screened, decanted and dried to remove solids and 
other impurities, obtaining final crude palm oil product (CPO) (Luis F. Gutiérrez, 
Sánchez, & Cardona, 2009).The obtained press cake is treated, in order to obtain 
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Palm Press Fiber (PPF) and nuts; these vegetable wastes are used to extract palm 
kernel oil (PKO) and palm kernel cake (PKC) (see Fig. 5-1). The main product 
(CPO) has an estimated yield of 0.20 ton for each ton of FFB processed. The co-
products comprised by fibers and shells, empty fruit bunches (EFB), and other 
palm oil mill effluent (POME) have yields of 190 kg, 230 kg and 600–700 kg/ton of 
FFB, respectively. 
 
Fig. 5-1 Flowsheet of palm extraction process 
5.2.2 Conventional Biodiesel production 
Biodiesel production process was considered according to current conditions of 
biodiesel industry in Colombia. Methanol or Ethanol and CPO are used as main 
feedstocks, while the sodium hydroxide was employed as the catalyst. In this 
process (see Fig. 5-2 and 5-3), the FFA (i.e. palmitic acid) is completely neutralized 
with sodium hydroxide forming sodium palmitate, which is retired before be mixed 
with fresh sodium hydroxide and methanol. Then, the reaction mixture is sent to the 
transesterification reaction unit, which operates isotermically at 51°C, converting 
99% of palm oil triglycerides. After that, methanol is recovered using a vacuum 
distillation column at 0.5 Bar. If ethanol is used as feedstock, it is also distillated 
using a distillation column until reach azeotropic grade, but it is not recovered, due 
to the high-water content affects negatively the transesterification reaction leading 
to soaps formations. Bottoms product contains fatty alkyl esters, glycerin and 
catalyst; this mixture is washed using pure water in a liquid-liquid extractor of six 
stages, obtaining two streams. First stream is rich in glycerin along with the 
remaining catalyst and methanol. Therefore, it must be first neutralized using 
phosphoric acid 85% and dried before obtaining raw glycerin (88%). Second 
stream is rich in fatty alkyl esters; it is distillated in a six stages tower to recover 
non converted oil, obtaining final product biodiesel (99%).  
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Fig. 5-2 Biodiesel Production using basic catalysis and methanolysis route. 
1. Neutralization reactor I, 2. Transesterification reactor, 3. Liquid-liquid Extraction column I, 
4.Distillation tower I, 5. Liquid-liquid Extraction column II, 6. Distillation tower II, 7. Neutralization 
reactor II, 8. Solid separator, 9. Flash. 
 
 
Fig. 5-3 Biodiesel Production using basic catalysis and ethanolysis route.  
1. Neutralization reactor I, 2. Transesterification reactor, 3. Liquid-liquid Extraction column I, 
4.Distillation tower I, 5. Liquid-liquid Extraction column II, 6. Distillation tower II, 7. Neutralization 
reactor II, 8. Solid separator, 9. Flash. 
5.2.3 Integration Approach I: Biodiesel and Ethanol 
production from lignocellulosic biomass 
The integration approach was made at different levels to increase efficiency and 
productivity. A first integration level is given for two individual processes: First 
process integrates reaction-reaction for ethanol production from lignocellulosic 
residues (i.e. EFB and PPF) and glycerol. In this process, the cellulose hydrolysis 
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reaction is carried out simultaneously with the fermentation of pentoses and 
hexoses in a process known as simultaneous saccharification and co-fermentation 
(SSCF) process (O. J. Sánchez & Cardona, 2008). Second process integrates 
reaction-separation in biodiesel production from palm oil by using a multistage 
extractor reactor.  
The second integration level comprises the simultaneous palm biodiesel 
production, along with ethanol production from lignocellulosic residues and 
glycerol, where ethanol is both used as feedstocks in the biodiesel process while 
the remaining part is marketed. This second level uses a totally integrated 
configuration to perform an internal mass integration (see Fig. 5-4).  
 
 
Fig. 5-4 Integrated Production of biodiesel and ethanol.  
1. Pretreatment reactor, 2. Washing,  3. Ionic exchange, 4. Simultaneous saccharification and co-
fermentation, 5.  Concentration column,  6. Rectification column,  7. Molecular sieves, 8. 
Evaporation train, 9. Centrifuge, 10. Multi-stage reactor–extractor, 11. Distillation column for 
biodiesel purification, 12. Distillation column for glycerol purification, 13.  Neutralization tank, 14. 
Centrifuge, 15. First distillation column, 16. Washing tank, 17. Evaporation column, 18. Second 
distillation column, 19. Mixed tank, 20. Fermentation tank, 21. Centrifuge, 22. Third distillation 
column, 23. Fourth distillation column, 24. Molecular sieves. 
 
The EFB and PPF obtained in the previous oil extraction process, composed up to 
75% of cellulose and hemicellulose are used in ethanol production from 
lignocellulosic biomass. The overall process usually includes five main steps: 
biomass pretreatment, cellulose hydrolysis, fermentation of hexoses, separation 
and effluent treatment. In first step, feedstock is pretreated to convert cellulose and 
hemicellulose into fermentable sugars (Hernández-Salas et al., 2009). Among the 
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available pretreatment methods, in this work is used a diluted acid pretreatment 
with sulphuric acid 1-10% at 121 °C (C. A. Cardona, Quintero, & Paz, 2010), in 
order to hydrolyze hemicellulose, producing Hexose and Pentose. In a previous 
work, Cardona et al (2007) showed that the  most promising integrated 
configuration for ethanol production from a energy viewpoint is (SSCF) (Cardona 
Alzate & Sánchez Toro, 2006). Under this configuration, the hydrolysis of cellulose, 
the fermentation of glucose released, and the fermentation of pentoses presented 
in the feed stream are simultaneously accomplished in a same single unit, using a 
genetically modified Zymomonas mobilis. The Culture broth outlet from SSCF 
bioreactor has an ethanol concentration about 6% weight. This stream is 
concentrated up to 92% in two distillation columns. The dehydration of ethanol is 
made by adsorption with molecular sieves. Stillage obtained from the bottoms of 
concentration column is evaporated to reduce its volume and diminishing the costs 
of its further treatment. The lignin is separated using centrifugation. For ethanol 
production from crude glycerol (88%wt); it is first refined using a distillation process 
to recover azeotropic ethanol. Then, glycerol steam is neutralized using an acid 
solution. Product salt is retired using a centrifugation process. Clarified glycerol is 
washed and 50% of the remaining triglycerides are retired. Obtained aqueous 
glycerol stream is evaporated and distillated until 88 wt % of purity. At this point, 
glycerol stream is able to be used in a fermentation process, but first at all it must 
be diluted at 20 g/L. Then glycerol fermentation uses a strain E. coli SY04 
(pZSKLMgldA) and takes place at 37 °C and pH=7 (Yazdani & Gonzalez, 2007). 
The fermentation broth is a mixture of water, ethanol, formiate, and cell mass. This 
last is retired by centrifugation, and then the liquid product is distillated in two 
sequential columns to obtain azeotropic ethanol on the top. Finally, ethanol is 
dehydrated in a molecular sieve, which produces ethanol at 99.5 %wt.  The 
biodiesel is produced from palm oil obtained in extraction section. Triglycerides are 
transesterified, reacting with ethanol using potassium hydroxide as catalyst. This 
process is carried out with an integration approach named multistage reactor-
extractor. This process combines the chemical reaction and liquid–liquid extraction, 
achieving high selectivity, conversion, productivity, and purity (Luis F. Gutiérrez, et 
al., 2009). In this way two main streams are obtained: biodiesel-enriched liquid 
phase (65% of ethyl esters), continuously removed from the reactor-extractor and 
sent to a separation unit where ethanol is recovered, and glycerol-enriched liquid 
phase (44% of glycerol)(L.F. Gutiérrez, 2008). 
5.2.4 Integration Approach II: Palm Oil 
Fractionation, biodiesel production and 
Biomass Fired Cogeneration 
The integration approach II comprises different technologies to increase the 
number of added value products obtained from oil palm. This option allows the 
establishment of a biorefinery, where olein, biodiesel, methanol, heat and power 
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are generated. Hence the main objective of a biorefinery based on edible oil 
feedstocks of providing food, fuel and energy is covered (see Fig. 5-5).  
 
 
Fig. 5-5 Integrated production of Biodiesel, Palm Olein, Methanol. 
 A) Heat and Power Cogeneration Plant: 1. Heat Exchanger (Cooler),  2. Heat Exchanger (Heater), 
3. Heat Exchanger (Heater),  4.Compressor I, 5. Turbine I, 6. Reactor (Combustion), 7.Reactor 
(Gasification), 8 Dryer, 9.HRSG system, 10.Steam Turbine. B) Methanol production plant: 
11.Reactor (Methanol synthesis), 12.Compresor I, 13. Distillation Column I, 14. Distillation Column 
II, 15. Distillation Column III. C) Fractionation Plant: 16. Filter, 17.Evaporator, 18. Crystallizer, 19. 
Solid Separator. D) Biodiesel and Gycerol USP Plant: 20.Reactor (esterification), 21.Heat 
Exchanger (Heater),  22.Decanter, 23.Storage Tank, 24. Heat Exchanger (Heater), 25. Heat 
Exchanger (Cooler), 26. Reactor (Transesterification), 27. Distillation Column IV, 28.Heat Exchanger 
(Cooler), 29.Liquid Extraction Column, 30.Distillation Column V, 31. Heat Exchanger (Cooler), 
32.Heat Exchanger (Heater), 33.Heat Exchanger (Cooler), 34.Distillation Column VI, 35. Distillation 
Column VII, 36.Filter, 37.Reactor (Neutralization), 38.Storage Tank. 
 
This process starts with crude palm oil (CPO) obtained from oil palm extraction. 
CPO is fractionated using low temperature crystallization (5°C). The obtained olein 
fraction preserve 80-90% of carotenoids of crude palm oil and free fatty acid lower 
than 0.1%, being able to food applications according to the definition of 
(CENIPALMA, 2009). The remaining stearin fraction is melting at 50°C and then 
processed to biodiesel following the procedure described in section 5.2.2, obtaining 
pure biodiesel.  
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The raw glycerol obtained in above process is initially evaporated, where 90 % of 
methanol at 99 wt % is recovered. Since glycerol is the unique impurity present in 
this recovered stream, it is appropriate to be reused in the biodiesel process. 
Bottom stream which contains sodium hydroxide catalyst is neutralized using an 
acid solution. Then, the salts produced during the neutralization process, added to 
remaining ashes and proteins are retired by centrifugation. The clarified product 
obtained from the centrifuge is washed with water is weight ratio of 2:4 
(water/glycerol stream). The 50% of the triglycerides remaining in this mixture are 
withdrawn with a glycerol lost of 1.8 %. An aqueous glycerol stream free of salts, 
solids, and protein but with a low content of both methanol and triglycerides is 
obtained. This stream evaporated to remove more than 90% of water and most of 
the remaining methanol, with a glycerol lost of 0.2%. Thus, the glycerol purity 
reached is 80 wt %. Then, the glycerol stream is purified using ionic exchange resin 
system, obtaining glycerol USP grade (99.7%wt).   
 
Meanwhile, palm oil extraction residues (EPF and PPF) are used to feed a 
cogeneration system based on biomass gasification in the BIGCC configuration 
(see Chapter 3). In this system heat, power and methanol were produced. 
Extraction residues are first dried and then sent to a reaction chamber, where 
biomass is gasified with high pressure steam at 90 Bar and 350°C. This 
configuration allows obtaining syngas (59% H2, 27% CO, 8% CO2 and 35 CH4) 
with H2/CO ratio of 2.5, useful for methanol production. The syngas stream is used 
for methanol production, using an isothermal Lurgi Reactor, with a catalyst bed of 
CuO(60%)-ZnO(30%)-Al2O3(10%). The reaction is carried on at 300°C and 60 Bar 
with a conversion rate of 40%. The resulting high pressure mixture stream is 
passed through a gas turbine where 42 MW of electricity are generated and 
pressure is reduced to 1 bar. Low pressure stream) goes to a distillation train 
where it is purified, obtaining anhydrous methanol (60,000 L/h and non converted 
gas components (H2, CO, CO2, O2, N2) are recovered. Part of this methanol is 
used for biodiesel production, while remaining fraction is marketed. The above 
mentioned gases go to a gas turbine system, where they are adiabatically burned 
with excess of compressed air (60 Bar). Combustion reaction is controlled with air 
flow rate, fuel flow rate or a combination of both, as is recommended by (Balat, et 
al., 2009). The pressurized combustion gases at 2838 K and 60 Bar are passed 
through a turbine, where its pressure is reduced generating additional 52 MW of 
electricity. The resulting stream has lower pressure and temperature (1113.5 K and 
1 Bar) and is used for steam generation in a Heat Recovery Generator System 
(HRSG). In HRSG system, hot gas stream from gas turbine is used to generate 
steam at three different pressure levels (507 K) 3 Bar, (648 K) 60 Bar and (684 K) 
100 Bar). These levels were defined according to utilities requirements of biodiesel, 
glycerol purification and palm fractionation production processes, with an additional 
high pressure level (100 Bar) employed in a steam turbine for additional electricity 
generation (13 MW). With relation to hot gas, this stream exchanges heat until 
reach its exhaustion temperatures (512 K). 
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5.3 Results and Discussion 
5.3.1 Techno-economic analysis of Biodiesel 
production from oil palm (Base Case) 
Values employed for the simulation process were based on the annual production 
of a standard biodiesel plant in Colombia (100,000 L/year). For this production, it is 
required 655 million of tons FFB per year. Oil extraction process was simulated 
according to process previously described, obtaining 12,407 kg/h of crude palm oil 
(5%wt FFA), with an extraction yield of 17%. In addition, it was obtained 9,305 kg/h 
of palm kernel oil used as by product. Combined extraction residues (EFB, PPF, 
PKC, and PKS) summed 69,501 kg/h with an oil content of 26.78%. From these 
results, it can be seen how an important amount of palm oil is being loosen during 
extraction process. In addition, the current technologies for palm oil production 
have an environmental problem with relation final disposal of extraction residues. 
One option commonly used is burn these residues, while other option is sent them 
to landfills where they are decomposed generating important methane emissions. 
 
Table 5-1 Regions and areas of oil palm production in Colombia 
Region Department 
Total Area (Ha) 
(including Planted, 
Mature and 
immature crops) 
Available Palm Oil 
for Biodiesel 
Production 
(Ton/year) 
Northern Region Magdalena, Cesar, Atlántico and Guajira 147,400 309,540 
Mid Region Santander, Norte de Santander, Bolívar 103,700 217,770 
Eastern Region Meta, Cundinamarca, Casanare, Caquetá 140,500 295,050 
Western Region Nariño 51,400 107,940 
  
443,000 930,300 
Source: Calculated from data reported by (Andrés Felipe Arias, 2007) 
 
Oil palm grows in Colombia at 12 departments classified in four regions (see Table 
5-1). According to data reported from DANE (Departamento Nacional de 
Estadísticas), approximately 50% of crude palm oil produced in Colombia is used 
for industrial applications, mainly biodiesel production. Conservative estimations of 
OECD-FAO expect that share of vegetable oil consumption used for biodiesel 
production in the world reach a 15% in 2019. (OECD-FAO, 2010). Based on this 
reported production rates and  yields for each region and considering agricultural 
costs reported for oil palm in Colombia reported by (Duarte Guterman & Cia Ltda, 
2009), the production costs of palm oil in Colombia were calculated. Table 5-2, 
contains agriculture costs per oil palm produced as well as extraction costs 
obtained from Aspen Economic Analyzer. The item general and administrative 
costs contain values both for planting oil palm as well as for oil extraction. 
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Table 5-2 Production costs of Palm Oil in Colombia 
 
Eastern 
Region 
Mid 
Region 
Western 
Region 
Northern 
Region 
National 
Average 
Crop Fixed Costa $ 175.60 $ 187.63 $ 174.77 $ 180.30 $ 179.58 
Crop Variable Costa $ 254.47 $ 271.90 $ 253.27 $ 261.28 $ 260.23 
Extraction Costsb $ 93.66 $ 100.07 $ 93.21 $ 96.16 $ 95.78 
General and 
Administrative Costsa,b
 $ 92.42 $ 98.75 $ 91.99 $ 94.90 $ 94.52 
Credit by kernel oil selling -$ 62.52 -$ 60.80 -$ 41.00 -$ 56.79 -$ 55.28 
Total Costs (USD/TON) $ 553.63 $ 597.56 $ 572.24 $ 575.86 $ 574.82 
a
Calculated from values reported by (Duarte Guterman & Cia Ltda, 2009) 
b
Calculated using Aspen Economics Analyzer 
 
Table 5-3 Mass and Energy Balances of Biodiesel production from crude palm oil, Capacity 100 million 
L/year 
Materials (Kg/h)  
Crude Palm Oil                   12,407.38  
FFA content (% wt) 6% 
Methanol                     1,987.80  
NaOH                        116.63  
Process Water                   17,370.33  
H2SO4                        260.56  
Energy  (Electricity, kW)  
Feed pump for Methanol                             0.17  
Feed pump for oil                             2.32  
Methanol Recycle                             0.12  
Pump to separation Process                             2.38  
Reactors                             1.86  
Total Electricity                             6.86  
Energy  (Heat, MW)  
Heating 
Cooling 
                       329.86  
                       489.33  
Products (Kg/h)  
  
Biodiesel @>99% wt 12,500.00  
Glycerol @>88% wt                     1,402.66  
Waste Water                   12,543.19  
Na2SO4                        132.06  
 
The obtained results indicate how the major participation in production costs of 
palm oil is represented by agriculture production (about 76%). Taking into 
consideration that the current market price of refined palm oil is around 1,200 
USD/Ton, it can be seen how initially from an economic point of view direct 
marketing of palm oil is a direct competition to products such biodiesel or even 
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palm fractions. Considering the quality of crude palm oil obtained during the 
extraction process, it was simulated the biodiesel production process for 100 
million L/year plant.  
 
The Table 5-3 presents the main streams obtained during the simulation of 
biodiesel production process. These results indicate that this process has molar 
yield of 95.8%, comparable with values reported by (Glisic & Skala, 2009; Michael 
J. Haas, McAloon, Yee, & Foglia, 2006) for basic catalyzed process (92-97%). In 
addition, the methanol consumption, as well as global energy consumption 
(heating and electricity) for this conventional technology were 0.16 Kg Methanol/Kg 
palm oil and 0.09 MW/Kg palm oil, respectively and can be compared to values 
reported by (Glisic & Skala, 2009; van Kasteren & Nisworo, 2007) for similar 
processing conditions. 
 
Table 5-4 Production costs of biodiesel in different regions, Plants Capacity 100 million L/year 
  
Eastern 
Region 
Mid 
Region 
Western 
Region 
Northern 
Region 
National 
Average 
Market 
Price 
Palm Oil (USD/TON) $ 554 $ 598 $ 572 $ 576 $ 575 $ 1,220 
Raw material Cost $ 0.463 $ 0.499 $ 0.479 $ 0.482 $ 0.481 $ 1.113 
Total utilities Cost $ 0.029 $ 0.029 $ 0.029 $ 0.029 $ 0.029 $ 0.029 
Operating Labor $ 0.010 $ 0.010 $ 0.010 $ 0.010 $ 0.010 $ 0.010 
Maintenance $ 0.019 $ 0.019 $ 0.019 $ 0.019 $ 0.019 $ 0.019 
Operating Charges $ 0.003 $ 0.003 $ 0.003 $ 0.003 $ 0.003 $ 0.003 
Plant Overhead $ 0.015 $ 0.015 $ 0.015 $ 0.015 $ 0.015 $ 0.015 
General and Administrative 
Cost 
$ 0.056 $ 0.060 $ 0.058 $ 0.058 $ 0.058 $ 0.058 
Total Operation Costs $ 0.595 $ 0.635 $ 0.613 $ 0.617 $ 0.615 $ 1.247 
Total Project Capital Cost $ 0.046 $ 0.046 $ 0.046 $ 0.046 $ 0.046 $ 0.046 
Total Production Costs $ 0.641 $ 0.681 $ 0.659 $ 0.663 $ 0.661 $ 1.293 
 
The production costs per liter were calculated according to particular palm oil costs 
reported on each productive region and considering two price options: first an 
association between palm and biodiesel producers, which permit to pay an ex-
factory prices for palm oil equal to production costs, and second, it was calculated 
the production cost of biodiesel using commercial prices of crude palm oil (see 
Table 5-4). The association of palm-biodiesel producers encourages the 
participation of smallholders into biodiesel business, while rural development is 
promoted. Otherwise, paying commercial prices for CPO represent the common 
practice of Colombian Biodiesel Industry, where production costs are reduced by 
marketing other products such glycerol and salts. However, these credits were not 
considered in this stage, because the intention was to directly evaluate the effect of 
changes in feedstock prices on total  production costs. 
 
Added to above consideration on regional prices, it were analyzed other production 
capacities used in Colombia (36 and 50  million L/day) and it were not found major 
differences in total production costs per liter at this scale, by effect of changes on 
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capital and utilities costs. Thus, the obtained production costs were ranged 
between (0.641-0.663 USD/L) and they were close among regions. Conversely, the 
production cost using market prices for palm oil was 1.29 USD/L. All the calculated 
production values are still high compared to 0.39 USD/L for palm biodiesel in Brazil 
(Elbersen, Bindraban, Blaauw, & Jongman, 2008) or even with 0.53 USD/L for 
soybean biodiesel in United States (Pruszko, 2007). However, the international 
Biodiesel market prices are high with 1.31 USD/L (Colombia) and 1.48 USD/L 
(World) (FEDEBIOCOMBUSTIBLES, 2012; ICIS pricing, 2011a), allowing to palm 
biodiesel be a profitable product in Colombia, but not competitive as an exportation 
product in a market dominated by a low cost soybean Biodiesel produced in 
Argentina. At this point, it can be seen how an expensive palm oil has 
determinative role on the total income of this industry duplicating production costs, 
and reducing the economic sustainability of this industry in Colombia. 
Consequently, the current model of the biodiesel industry in Colombia is not 
efficient, and although the high production costs are compensated by byproducts 
changes in production policies and schemes should be performed to increase the 
income for all the players of this industry. In follow sections different measures are 
analyzed to solve this situation. 
 
Table 5-5 Decomposition of raw material costs per hour in palm biodiesel production 
Materials 
Crude 
Palm Oil 
Methanol 
Sodium 
Hydroxide 
Sulphuric 
Acid 
Kg/h 12,407.38 1,987.80 116.63 260.56 
USD/Kg $ 1.2a $ 0.31ab $ 0.21ab $ 0.28ab 
USD/h $ 14,8888 $ 616.22 $ 24.49 $ 72.96 
Share (%) 95.43% 7.85% 0.31% 0.93% 
Source: 
a
(FEDEPALMA, 2012) 
b
(ICIS pricing, 2011) 
 
Firstly, it is important to remember that currently biofuels are complement of fossil 
fuels and their existence and interactions are related to the blending policies 
established in each country. In this sense, biodiesel production costs should also 
be compared to production costs of diesel fuel as an indicator of sustainability. This 
value was roughly estimated in 0.5 USD/L according to values proposed by (EIA, 
2010)). Thus, comparing the obtained values with the diesel costs, can be 
established that under current non-subsides conditions palm biodiesel in Colombia 
although profitable, is not a competitive substitute of fossil fuel. In Colombia, it is 
not expected that additional subsidies policies different to tax exemptions of policy 
promotions be issued during next years. Therefore, it is important to establish 
alternatives form the point of view of this industry to increase the viability of 
biodiesel production from palm oil.  
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In general, total production costs of biodiesel are highly influenced by three main 
weight factors: feedstock cost, operation cost and capital depreciation, as it was 
described by (Huang, Chen, Wei, Zhang, & Chen, 2010). Nevertheless, the single 
most important factor, which influences the economy viability of a biodiesel project, 
is feedstock cost. This appreciation is confirmed analyzing the share of raw 
materials costs in Table 5-5, where for all regions this item share around 73% of 
total production costs, confirming the data reported by (Amigun, et al., 2008). Thus, 
an additional analysis was considered by decomposing raw material costs of 
biodiesel, according to the main reagents employed. Mass balances flows and 
market prices reported by (ICIS pricing, 2011a) were considered for all reagents, 
but palm oil. For this last, it was employed a commercial value reported by 
(FEDEPALMA, 2012). Above calculations were summarized in Table 5-6. As it can 
be seen, the most important factor in raw material cost is palm oil price (95.4%) 
and consequently is clear that measures addressed to reduce these costs will 
benefit the whole production cost. Normally, high costs of vegetable oils are 
attributed to intermediary expenses and crop production cost. First are 
consequences of market, offer and demand, as well as opportunity and 
indifference prices of biodiesel feedstocks. In order to avoid this situations, 
associations of palm and biodiesel producers will allow having access to direct ex-
factory prices for palm oil, reducing total production costs as it was previously 
shown. However, according to the considerations of this chapter, there is still 
required a higher reduction in production costs and make palm biodiesel more 
competitive. In Colombia palm oil sector comprises both large scale producers and 
smallholders producers. First have access to better agronomic conditions for oil 
palm planting, in fact is expected that when new planted areas be productive their 
production costs can be reduced. However, smallholders are also an important part 
of this chain, and consequently their production conditions should be improved, 
with better access to palm varieties, irrigation methods, and better agrochemicals. 
Considering, these improvements as a part of government policies for rural 
development, but also as profitable option for private investors. Associations of 
smallholders at the same production costs of commercial producers can 
significantly affect biodiesel production costs, allowing a sufficient supply of low 
cots palm oil feedstock. In addition this kind of measures strength the palm oil 
sector and promote the rural trough direct employment generation (see Table 5-7).  
 
Partnerships between smallholders associations and commercial producers, might 
be a successful option business in a sustainable and mutual beneficial way to 
develop biodiesel business (Binns, 2007). Thus, smallholders would have stronger 
positions to negotiate prices, obtaining also access to better technology to improve 
their yields and production practices. Meanwhile, commercial producers acquire 
major production capacities and the government support local development with 
local ownership, creation of local employment and  supply of energy services 
(Bengt, 2002). It will also carefully consider how smallhoders can have adequate 
training, access to financial and other inputs to make sure that the integration is a 
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win-win situation for all.  In this sense, similar small scale decentralized bioenergy 
initiatives has been tested in Sub-Saharan Africa and Mozambique, as valuable 
alternatives for social inclusion and to stimulate rural socioeconomic development 
(Jumbe, Msiska, & Madjera, 2009; Schut, Slingerland, & Locke, 2010; Schut et al., 
2011).  
Table 5-6 Potential Job generation in palm oil production 
Region 
Total Area (Ha) 
(including Planted, 
Mature and immature 
crops) at 2010 
Palm Oils mills 
(installed 
capacity Tons 
FFB/h) 
Direct Jobs 
commercial 
Producers 
Direct Jobs 
Smallholders 
Northern Region 147,400 326 39,794 21,038 
Mid Region 103,700 259 27,995 24,359 
Eastern Region 140,500 332 37,948 2,280 
Western Region 51,400 120 13,883 4,750 
 Source: (Andrés Felipe Arias, 2007; FEDEPALMA, 2008) 
 
In this sense, it can be followed the example of Bioenergy Food Security (BEFS) 
project developed by FAO in Peru for biodiesel production from palm and jatropha 
oils. There large-scale commercial producers dominate oilseed crops production 
hoarding most of the income in this business. Meanwhile, the smallholders make 
individual efforts, but they lack of investment capital. This situation makes that their 
crops have reduced technical conditions, crop yields and quality. In addition, 
uncertainties and risks associated to oilseed market by effect of petroleum price 
fluctuations and its effect on the biodiesel market value make other smallholders 
producer reluctant to participate on the bioenergy business (FAO, 2010a; J. 
Quintero, et al., 2012). Because of that this study concludes that policy makers in 
Peru should grant for smallholders better business participation conditions; in order 
to avoid inequality conditions such as lack of contractual purchase agreements or 
abuses of local middlemen as it was suggested by (Brittain & Lutaladi, 2010). 
 
Thus, until this point it can be seen the fundamental role that associations between 
smallholders and commercial producer may have on the potential sustainability of 
biodiesel industry in Colombia. Avoiding middlemen and paying ex-factory prices 
for palm oil and fresh fruit bunches will increase the potential viability of this 
industry in Colombia. However, other options can be considered from a technical 
point of view, proposing new process configurations to increase the viability of both 
biodiesel and palm oil industries. Next section complements the analysis of the 
biodiesel industry by considering its supply chain, after finish this section two 
technological schemes are proposed for an efficient use of palm oil in Colombia. 
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5.3.2 Optimization of the Colombian biodiesel 
supply chain from oil palm crop based on 
techno-economical and environmental criteria 
Results obtained in previous section indicate that palm biodiesel in Colombia can 
be a profitable option and how under certain condition this industry can promote 
the rural development. Palm oil is the major feedstock for biodiesel production in 
Colombia, and it is called to cover the current required expansion in Biodiesel 
production by effect of new production targets. However, this expansion will require 
increasing the current oil palm production as well as the processing capacity.  
In this section, a supply chain assessment was carried out taking into account 
economic and environmental restrictions. The main objective of this work was to 
evaluate the optimal conditions for oil palm expansion, based on GHG emissions, 
market conditions, production costs and locations. Different locations of potential 
biodiesel plants and expansion in oil palm areas were considered. Finally, the 
implications on emissions by effect of land use change of required crop expansion 
were analyzed.  
5.3.2.1 Biodiesel and Palm Oil Supply Chain 
In general, an oleochemical chain is comprised by three main echelons: Planting, 
extraction and refining. In Colombia, planting and extraction are integrated as 
primary and intermediate echelons, while refining is included by all industrial 
activities based on produced crude oil. In this chapter, the biodiesel supply chain 
system considers four echelons: Palm oil Production, Palm oil transportation, 
Biodiesel conversion in plants and distribution to wholesalers.   
 
Table 5-7 Biodiesel Plants operating in Colombia at 2012 
Region Company 
Capacity 
(Million 
L/year) 
Processing 
Capacity 
Northern  Codazzi Oleoflores 60 Medium 
Northern,  Santa Marta Odín Energy 40 Medium 
Northern,  Santa Marta 
Biocombustibles Sostenibles  del 
Caribe 
100 High 
Eastern, Facatativá Bio D 100 High 
Mid,  B/bermeja Ecodiesel de Colombia 100 High 
Eastern,  San Carlos de Guaroa, Meta Aceites Manuelita 100 High 
Source: (Fedebiocombustible, 2012a) 
 
Oil palm grows in Colombia at 12 departments classified in four regions (see Table 
5-1). In this model was assumed that fresh fruit bunches (FFB) harvested at each 
plant site were sent to local oil extraction plants in order to avoid FFB degradation. 
According to data from DANE, approximately 50% of crude palm oil produced in 
Colombia is used for industrial applications, mainly biodiesel production. 
Conservative estimations of OECD-FAO expect that share of vegetable oil 
 Analysis of Technological Schemes for the Efficient Production of Added Value Products from 
Colombian Oleochemical Feedstocks  
 
118 
 
consumption used for biodiesel production in the world reach a 15% in 2019. 
(OECD-FAO, 2010). However, for Colombian case based on current environmental 
concerns and area restrictions of planting growth rates. It is necessary that at least 
a 50% of palm oil be used in Biodiesel production, in order to meet required B20 
target and do not affect food security. Remaining part, after a refining process, is 
fractionated to produce different added value fractions, such as oleins and stearins 
used on bakery, pastry and soap production.  
 
The current situation of palm oil and biodiesel supply chain is distributed as follows: 
Four regions, which are comprised by 12 departments, containing the oil palm 
productive zones.  Crude palm oil used in biodiesel production is transported by 
tanker truck to six plant facilities located close to the most productive regions. 
These production plants were classified according to their production capacity in 
medium and high (see Table 5-7). In this process palm oil is converted to biodiesel, 
using the process described in the previous section. Then, the biodiesel can be 
transported using two methods: Tanker trunks (B100) and poliducts (B4 blending). 
Biodiesel produced in each of six available facilities is then transported using 
tanker trucks and/or poliducts to regional wholesalers (see Fig. 5-6 and 5-7). Only 
those close to pumping and storage stations of poliducts were assumed as able to 
receive both supplies, while remaining wholesalers are supplied by tanker truck 
only. Transport by poliducts network in Colombia is limited to B4 blending and the 
wholesales must blend biodiesel and diesel to required level, according to current 
regulations. Currently, there are 48 authorized wholesalers in Colombia who make 
B7 and B10 blending authorized by Colombian government. The regulated costs 
by government are transport and sale costs. The distribution of biodiesel blending 
is not uniform, although it is regulated.  
 
The expansion of biodiesel industry was analyzed, considering a B20 target 
achievable at 2020 based on the expansion of diesel fuel industry in Colombia 
reported by Mines and energy planning Unit of Colombia (UPME, 2012). In order to 
meet this biodiesel blending palm oil production must be increased and new 
factories must be built. First requirement is included considering local increases in 
regional palm oil production. Second requirement, considers building new plants in 
each region. The total number of biodiesel plants is not defined, but their 
accumulative capacity per region is considered. The effect of changes in biodiesel 
production rates over total costs, were previously analyzed. It indicates that at high 
production scales, total costs per liter remain equal at different production rates.  
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Fig. 5-6 Poliduct Network in Colombia and Wholesalers close to pumping and storage stations at other 
regions. 
 
 
Fig. 5-7 Poliduct Network in Colombia and Wholesalers close to pumping and storage stations at 
Northern Region 
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5.3.2.2 Demand Clusters 
This model considers the target expansion of B20 blending in Colombia at 2020. 
According to demand projections of Diesel reported by UPME (Unidad de 
planeación minero energetica) (UPME, 2012), the potential demand of B20 was 
calculated for most of Colombian departments (see Table 5-8). 
 
Potential new plants and biodiesel plants locations 
The objective of expand biodiesel production to cover B20 blending in whole 
country requires both additional production plants and new oil palm crops. This 
required potential was considered including additional suppliers (POR1, POR2, 
POR3 and POR4) and biodiesel plants (BPR1, BPR2, BPR3 and BPR4). Thus, 
POR1 and BPR1 correspond to Northern zone; POR2 and BPR2 to Mid Region; 
POR3 and BPR3 to Eastern Region and POR4 and BPR4 to Western Region. The 
production costs for current biodiesel plants and the expanded BPR1, BPR2 and 
BPR3 were defined according to values obtained in Table 5-4, ranging 0.614-0.663 
USD/L. Meanwhile, for BPR4 it was defined a lower value (0.52 USD/L), in order to 
represent the potential inclusion of new technologies which might reduce total 
production cost of palm biodiesel. 
 
Table 5-8 Demand of diesel and B20 in Colombia at 2020 
Department 
Diesel 
(Million L) 
B20 (Million 
L) 
Department 
Diesel 
(Million L) 
B20 (Million 
L) 
Antioquia 1428.84 285.77 Tolima 476.28 95.26 
Chocó 1428.84 285.77 Huila 476.28 95.26 
Cordoba 1020.6 204.12 Caquetá 476.28 95.26 
Sucre 1020.6 204.12 Caldas 476.28 95.26 
Bolivar 1020.6 204.12 Quindío 476.28 95.26 
Atlántico 1020.6 204.12 Risaralda 476.28 95.26 
Magdalena 1020.6 204.12 Santander 952.56 190.51 
Cesar 1020.6 204.12 Norte de Santander 952.56 190.51 
La Guajira 1020.6 204.12 Arauca 952.56 190.51 
Bogotá 1428.84 285.77 Valle  1071.63 214.33 
Cundinamarca 1428.84 285.77 Cauca  1071.63 214.33 
Boyacá 1428.84 285.77 Nariño 1071.63 214.33 
Meta 1428.84 285.77 Putumayo 1071.63 214.33 
Casanare 1428.84 285.77 Other Departments 23.81 4.76 
Source: (UPME, 2012) 
Production and transport costs 
Palm oil and Biodiesel prices are restricted by market and government regulations, 
and its values are changing according to external factors such market conditions or 
international petroleum prices. In this chapter, the minimal production costs trough 
whole biodiesel supply chain was estimated. Consequently, it was considered 
production and transport costs of palm oil and biodiesel rather than national market 
prices (see Table 5-9). 
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Table 5-9 Authorized wholesalers of fuels in Colombia 
Wholesaler Department 
Blend 
at 2012 
Transport 
Cost Tanker 
Truck 
(USD/L) 
Transport 
Cost 
Poliduct B4 
(USD/L) 
B20 
Demand 
Millon 
L/año 
Chrevron - Planta Puente Aranda Cundinamarca B7 $ 0.06 $  0.05 178.6 
Exxonmobil – Organización Terpel – Petrobras - Planta 
Puente Aranda 
Cundinamarca B7 $ 0.06 $  0.05 178.6 
Exxonmobil – Chevron – Planta Conjunta – Mansilla Cundinamarca B7 $ 0.06 $  0.05 178.6 
Organización Terpel S.A. – Planta San José del Guaviare Guaviare B7 $ 0.06 $ 0.00 178.6 
Organización Terpel S.A. – Planta Puerto Carreño Vichada B2 $ 0.06 $ 0.00 178.6 
Organización Terpel S.A. – Planta Puerto Inírida Guainía B2 $ 0.06 $ 0.00 178.6 
Biocombustibles S.A. – Planta Mansilla Cundinamarca B7 $ 0.06 $  0.05 178.6 
Brio de Colombia S.A. – Planta Mansilla Cundinamarca B7 $ 0.06 $  0.05 178.6 
Organización Terpel S.A. Valle B10 $ 0.09 $  0.05 142.9 
Organización Terpel S.A. Valle B10 $ 0.10 $  0.05 142.9 
Exxon Mobil, Chevron, Biocombustibles S.A., Petrobras Valle B10 $ 0.09 $  0.05 142.9 
Exxon Mobil, Chevron, Biocombustibles S.A., Petrobras Valle B10 $ 0.10 $  0.05 142.9 
Exxon Mobil, Chevron, Biocombustibles S.A., Petrobras Valle B10 $ 0.09 $  0.05 142.9 
Exxon Mobil, Chevron, Biocombustibles S.A. Valle B10 $ 0.12 $  0.05 142.9 
Organización Terpel S.A Risaralda B10 $ 0.10 $  0.05 95.3 
Organización Terpel S.A Caldas B10 $ 0.09 $  0.05 95.3 
Planta Chevron el Pedregal – (Chevron Petroleum Company) Antioquia B10 $ 0.09 $  0.04 71.4 
Planta Exxon La María – (Exxon Mobil de Colombia S.A.) Antioquia B10 $ 0.09 $  0.04 71.4 
Planta Terpel –  (Organización Terpel S.A. – Petromil S.A.) Antioquia B10 $ 0.09 $  0.04 71.4 
Planta Terpel –  (Organización Terpel S.A.) Antioquia B10 $ 0.09 $  0.04 71.4 
Planta Terpel La Pintada - (Organización Terpel S.A.) Antioquia B10 $ 0.09 $  0.04 71.4 
Planta Zeuss – (Zeuss Petroleum S.A.) Antioquia B10 $ 0.09 $  0.04 71.4 
Planta Turbo (Zapata y Velásquez) Antioquia B10 $ 0.09 $  0.04 71.4 
Planta Turbo (Proxxon) Antioquia B10 $ 0.09 $  0.04 71.4 
Planta Terpel Sebastopol – (Organización Terpel S.A.) Santander B10 $ 0.06 $  0.02 114.3 
Planta Exxon Girón - (ExxonMobil) Santander B10 $ 0.06 $  0.02 114.3 
Planta Chimita - (Organización Terpel S.A.) Santander B10 $ 0.06 $  0.02 114.3 
Planta Ayacucho - (Organización Terpel S.A.) Cesar B10 $ 0.06 $  0.00 114.3 
Planta La Lisama - (Organización Terpel S.A.) Santander B10 $ 0.06 $  0.02 114.3 
Organización Terpel S.A. Putumayo B10 $ 0.06 $  0.00 57.2 
Exxon Mobil, Organización Terpel S.A. Biocombustibles S.A., 
Petrobras 
Huila B10 $ 0.07 $  0.05 57.2 
Exxon Mobil, Organización Terpel S.A., Chevron, 
Biocombustibles S.A., Petrobras 
Tolima B10 $ 0.06 $  0.04 57.2 
Exxon Mobil, Organización Terpel S.A. Tolima B10 $ 0.07 $  0.04 57.2 
Organización Terpel S.A. Caquetá B10 $ 0.06 $  0.00 57.2 
Planta Vopak Bolivar B10 $ 0.05 $  0.01 95.3 
Planta Emgesa S.A. E.S.P. Bolivar B10 $ 0.05 $  0.01 95.3 
Planta Mamonal - (Chevron) Bolivar B10 $ 0.05 $  0.01 95.3 
Planta Galapa - (Chevron) Atlántico B10 $ 0.04 $  0.01 95.3 
Planta El Arenal - (Chevron) San Andrés Islas B10 $ 0.06 $  0.00 95.3 
Planta Siape Atlántico B10 $ 0.04 $  0.01 95.3 
Planta Panamá Canal Oil & Bunkers S.A. (Ecospetróleo) Atlántico B10 $ 0.04 $  0.01 95.3 
Planta Galapa - (Exxon Mobil) Atlántico B10 $ 0.04 $  0.01 95.3 
Planta Mamonal - (Exxon Mobil) Bolivar B10 $ 0.05 $  0.01 95.3 
Planta Baranoa – (Organización Terpel S.A.) Atlántico B10 $ 0.04 $  0.01 95.3 
Planta Magangué - (Organización Terpel S.A.) Bolivar B10 $ 0.05 $  0.01 95.3 
Planta Mamonal - (Organización Terpel S.A.) Bolivar B10 $ 0.05 $  0.01 95.3 
Planta Palermo Magdalena B10 $ 0.05 $  0.01 95.3 
Planta Zona Franca La Candelaria – (Petromil S.A.) Bolivar B10 $ 0.05 $  0.01 95.3 
Source: Resolution No. 180294, 181604, 180113, 180368 
Transport Cost 
This model considers first transportation from palm oil producers and second from 
biodiesel plants to wholesalers. First values were calculated as road distances 
between each department capital and biodiesel plant location (see Table 5-11). 
Here was assumed that distances from field to oil extraction plant comparatively 
small (see Table 5-12). Second values were calculated as highway distances 
between biodiesel plants and wholesalers. Regard to transport costs, for palm oil, it 
was calculated as the unitary value of 0.025 USD/Ton.Km according to 
FEDEPALMA data. For biodiesel transportation cost in Colombia values are 
established by resolutions No. 180294 and 181604 by department (see Table 5-
10). 
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Table 5-10 Distances from palm oil production mills to biodiesel plants (km) 
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Magdalena 435 10 10 944 535 1188 435 535 2026 1578 
Cesar 10 435 435 878 470 1123 10 470 1962 1513 
Atlántico 299 102 102 990 582 1234 299 582 2073 1492 
Guajira 215 171 171 1089 681 1334 215 681 2173 1724 
Santander 470 535 535 407 10 653 470 10 1314 1142 
Norte Santander 673 738 738 610 204 855 673 204 1271 1342 
Bolivar 366 233 233 1057 649 1302 366 649 2141 1429 
Meta 1123 1188 1188 117 653 10 1123 653 843 857 
Cundinamarca 878 944 944 10 407 117 878 407 956 766 
Casanare 947 1013 1013 336 477 265 947 477 754 1094 
Caquetá 1322 1388 1388 535 949 887 1322 949 1725 414 
Nariño 1513 1578 1578 766 1142 857 1513 1142 1697 10 
POR1 10 435 435 878 470 1123 10 470 1962 1513 
POR 2 878 944 944 10 407 117 878 407 956 766 
POR 3 947 1013 1013 336 477 265 947 477 754 1094 
POR 4 1513 1578 1578 766 1142 857 1513 1142 1697 10 
 
 
Table 5-11 Distances from production Biodiesel plants to wholesalers (km) 
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Chrevron - Planta Puente Aranda 878 944 944 10 407 117 878 407 956 766 
Exxon Mobil – Organización Terpel – Petrobras - Planta Puente Aranda 878 944 944 10 407 117 878 407 956 766 
Exxonmobil – Chevron – Planta Conjunta – Mansilla 878 944 944 10 407 117 878 407 956 766 
Organización Terpel S.A. – Planta San José del Guaviare 1272 1337 1337 393 802 285 1272 802 1124 1134 
Organización Terpel S.A. – Planta Puerto Carreño 947 1013 1013 336 477 265 947 477 754 1094 
Organización Terpel S.A. – Planta Puerto Inírida 1962 2026 2026 956 1314 843 1962 2026 500 1697 
Biocombustibles S.A. – Planta Mansilla 878 944 944 10 407 117 878 407 956 766 
Brio de Colombia S.A. – Planta Mansilla 878 944 944 10 407 117 878 407 956 766 
Organización Terpel S.A. 1070 1135 1135 391 696 742 1070 696 1581 441 
Organización Terpel S.A. 1126 1185 1185 441 746 792 1120 746 1631 491 
Exxon Mobil, Chevron, Biocombustibles S.A., Petrobras 1070 1135 1135 391 696 742 1070 696 1581 441 
Exxon Mobil, Chevron, Biocombustibles S.A., Petrobras 1126 1185 1185 441 746 792 1120 746 1631 491 
Exxon Mobil, Chevron, Biocombustibles S.A., Petrobras 1126 1235 1235 491 796 842 1170 796 1681 541 
Exxon Mobil, Chevron, Biocombustibles S.A. 1180 1289 1289 545 850 896 1224 850 1735 595 
Organización Terpel S.A 932 998 998 319 559 671 932 559 1443 581 
Organización Terpel S.A 893 946 946 295 507 631 893 507 1292 633 
Planta Chevron el Pedregal – (Chevron Petroleum Company) 768 786 786 435 395 770 768 395 1609 794 
Planta Exxon La María – (Exxon Mobil de Colombia S.A.) 768 786 786 435 395 770 768 395 1609 794 
Planta Terpel –  (Organización Terpel S.A. – Petromil S.A.) 768 786 786 435 395 770 768 395 1609 794 
Planta Terpel –  (Organización Terpel S.A.) 802 820 820 469 429 804 802 429 1643 828 
Planta Terpel La Pintada - (Organización Terpel S.A.) 846 864 864 513 473 848 846 473 1687 872 
Planta Zeuss – (Zeuss Petroleum S.A.) 768 786 786 435 395 770 768 395 1609 794 
Planta Turbo (Zapata y Velásquez) 615 619 619 867 827 1263 615 827 2102 1175 
Planta Turbo (Proxxon) 615 619 619 867 827 1263 615 827 2102 1175 
Planta Terpel Sebastopol – (Organización Terpel S.A.) 470 535 535 407 10 653 470 10 1314 1142 
Planta Exxon Girón - (ExxonMobil) 470 535 535 407 10 653 470 10 1314 1142 
Planta Chimita - (Organización Terpel S.A.) 470 535 535 407 10 653 470 10 1314 1142 
Planta Ayacucho - (Organización Terpel S.A.) 10 435 435 878 470 1123 10 470 1962 1513 
Planta La Lisama - (Organización Terpel S.A.) 470 535 535 407 10 653 470 10 1314 1142 
Organización Terpel S.A. 1493 1558 1558 705 1119 1057 1493 1119 1896 213 
Exxon Mobil, Organización Terpel S.A. Biocombustibles S.A., Petrobras 1066 1131 1131 301 706 653 1066 706 653 462 
Exxon Mobil, Organización Terpel S.A., Chevron, Biocombustibles S.A., Petrobras 764 830 830 180 391 516 764 391 1177 748 
Exxon Mobil, Organización Terpel S.A. 764 830 830 180 391 516 764 391 1177 748 
Organización Terpel S.A. 1322 1388 1388 535 949 887 1322 949 1725 414 
Planta Vopak 366 233 233 1057 649 1302 366 649 2141 1429 
Planta Emgesa S.A. E.S.P. 366 233 233 1057 649 1302 366 649 2141 1429 
Planta Mamonal - (Chevron) 366 233 233 1057 649 1302 366 649 2141 1429 
Planta Galapa - (Chevron) 299 102 102 990 582 1234 299 582 2073 1492 
Planta El Arenal - (Chevron) 950 829 829 1220 700 600 950 2000 2500 3000 
Planta Siape 299 102 102 990 582 1234 299 582 2073 1492 
Planta Panamá Canal Oil & Bunkers S.A. (Ecospetróleo) 299 102 102 990 582 1234 299 582 2073 1492 
Planta Galapa - (Exxon Mobil) 299 102 102 990 582 1234 299 582 2073 1492 
Planta Mamonal - (Exxon Mobil) 366 233 233 1057 649 1302 366 649 2141 1429 
Planta Baranoa – (Organización Terpel S.A.) 299 102 102 990 582 1234 299 582 2073 1492 
Planta Magangué - (Organización Terpel S.A.) 366 233 233 1057 649 1302 366 649 2141 1429 
Planta Mamonal - (Organización Terpel S.A.) 366 233 233 1057 649 1302 366 649 2141 1429 
Planta Palermo 435 10 10 944 535 1188 435 535 2026 1578 
Planta Zona Franca La Candelaria – (Petromil S.A.) 366 233 233 1057 649 1302 366 649 2141 1429 
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The modeling target was to find a low cost and low emissions by transportation 
strategy to supply biodiesel to authorized Colombian wholesales, under a projected 
demand when B20 blending level in Colombia reached.  This model allows also 
calculate additional palm oil productions requirements in each region and 
additional biodiesel plants or capacities need to cover the B20 demand. The overall 
problem is represented in a simplified diagram of the system provided in Fig. 5-7.  
 
 
Fig. 5-8 Snap shot of optimization problem 
 
A non linear program was developed to minimize a total system cost and 
emissions of supply chain. This model can be classified as MMP problem 
(Multiobjetive Mathematical Program). It has as decision variable the quantity of 
material flow on each route, considering that palm oil is first transported from 
producers to biodiesel plants and then it is transported to wholesalers. The 
objectives functions are intended to minimize total cost paid by wholesalers and 
the total emissions throughout the biodiesel supply chain. Due to magnitude of cost 
and emissions functions, ε-constraint method (Chankong, 1983) is used to solve 
the MMP. The emissions function was selected as the function to optimize, while 
cost function as constraint. Thus, the objective function (1) is:  
Minimize Femission    (1) 
Total system cost is represented by Fcost equation (1), as function of total costs 
paid by wholesalers for biodiesel (2) and transport by tanker truck and poliduct. 
Transport emissions comprise emissions by transport palm oil to biodiesel plant 
and for biodiesel transport to wholesalers by tanker truck and poliduct (3). 
 
  Fcost = 2 0.04 2 2j jk jk k jk jk jk k jk
j k
CostBio X Y Fp C X Y Fp Cpol        
 (2) 
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Where 
 
 1 1 ProdCost
 = 
1140 1
i ij ij j
i
j
ij
CostRM C X
CostBio
X
 


 (3) 
   Femission = 1 1 2 2ij ij jk jk jk
i j J K
D X EETT FETT D X EETT EFTT Y EFP         
 (4) 
This model is subject to follow constraints: 
ε-Constraint 
 Fcost e  (5) 
Palm Oil supply 
 
1 Produij i
j
X 
 (6) 
Biodiesel Plant capacity 
 
 2 0.04 Capacityjk jk k j
k
X Y Fp   
 (7) 
Biodiesel production relation 
 
 0.00114 1 2 0.04 0ij jk jk k
i k
X X Y Fp      
 (8) 
Biodiesel Demand 
 
 2 0.04 0jk jk k k
k
X Y Fp Demand    
 (9) 
Table 5-12 Model parameters 
Symbol Description Unit 
Fcost Total Cost Function (Final cost paid by wholesalers) USD/year 
Femission Transport emissions by moving palm oil and biodiesel KgCO2eq/year 
CostBioj Total production cost per liter of Biodiesel on plant j USD/L 
CosrRmi Palm oil cost per Ton from producer i USD/Ton 
ProdCostj Biodiesel production Cost on plant j (Operative Charges, Capital and Adminsitrative 
Costs) 
USD/Ton 
C1ij Transport cost of palm oil from producer i to plant j using Tanker Truck USD/Ton 
C2jk Transport cost of biodiesel from plant j to wholesaler k using Tanker Truck USD/L 
Cpoljk Transport cost of biodiesel from plant j to wholesaler k  using poliduct USD/L 
FPk Acces to poliduct factor for wholesaler (0,1)  
X1ij Palm oil flow from producer i to plant j Ton/year 
X2jk Biodiesel flow from plant j to wholesaler k as B100 transported using Tanker Truck Million L/year 
Yjk Biodiesel flow from plant j to wholesaler k as B4 transported using poliduct Million L/year 
D1ij Distance from producer i to plant j Km 
D2jk Distance from producer j to plant k Km 
EFTT Emisions Factor Tunker Truck KgCO2eq/MJ 
FETT Fuel efficency Tunker Truck MJ/Ton Km 
EFP Emisions Factor Tunker Poliduct KgCO2eq/L 
 Analysis of Technological Schemes for the Efficient Production of Added Value Products from 
Colombian Oleochemical Feedstocks  
 
125 
 
Produi Palm oil supply of producer i Ton/year 
Capacityj Biodiesel production capacity  plant j Million L/year 
e ε-Constraint value USD/year 
Demandk Biodiesel demand wholesaler k Million L/year 
 
The optimization model was implemented using GAMS tool. The General Algebraic 
Modeling System (GAMS) is a high-level algebraic modeling system for large scale 
optimization (GAMS, 2008) (Papapostolou, Kondili, & Kaldellis, 2011). The 
parameters used in the optimization equations are described in Table 5-13. Two 
types of results were obtained: The first was the optimization problem, which let 
know the optimal expansion conditions. The second result was related to the 
implications of the expansion, taking into account the LUC.  
5.3.2.3 Optimization results 
First a payoff Table 5-13 was calculated by finding the individual optima of the 
objective functions. An lexicographic optimization method was employed using the 
procedure proposed by (Mavrotas, 2009). This Table shows results indicating that 
a global optimum value can be found Femission = 1.59e8 and Fcost = 3.67e9. 
 
Table 5-13 Payoff Table of individual optima of the objective functions 
 
Femission Fcost 
Min Femission 1.57E+08 3.67E+09 
Min Fcost 6.81E+08 3.73E+09 
 
Economical optimization is related to oil extraction and biodiesel production 
performance (see Table 5-3 and 5-5). Under B20 blending projections, Table 5-15 
shows the optimal flows and destinations of palm oil for biodiesel production. For 
instance, the results indicate that the future palm oil produced in Magdalena should 
be addressed to Odin Energy, Biocombustibles del caribe and BPR1 plant in the 
proportions showed in Table 5-16, to reduce production costs and transport 
emissions. In this analysis, the actual plants conserved its production capacity. 
 
Table 5-14 Conditions of expansion of biodiesel production (ton/yr) "X1" 
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Magdalena 
 
35,886 87,719 
   
7,912 
   
Cesar 26,788 
     
105,152 
   
Atlántico 23,055 
         
Guajira 
      
23,029 
   
Santander 
    
87,719 
  
334,473 
  
 Analysis of Technological Schemes for the Efficient Production of Added Value Products from 
Colombian Oleochemical Feedstocks  
 
126 
 
Norte de Santander 
       
25,552 
  
Bolivar 
      
60,436 
   
Meta 
   
9,176 
 
99,684 
  
42,100 
 
Cundinamarca 
       
60,211 
  
Casanare 
        
60,795 
 
Caquetá 
         
23,084 
Nariño 
         
107,940 
POR1 
      
899,963 
   
POR2 
   
78,543 
   
676,255 
  
POR3 
        
754,798 
 
POR4 
         
965,467 
 
With relation to biodiesel production, the optimization problem found that total 
increment required is approximately ten times than current production.  Indeed, the 
current plant capacities in all regions must be complemented with either new plants 
or incrementing their production capacities. Moreover, values of palm oil expansion 
are relatively uniforms in all zones. It indicates that the productive zones should 
grow in a same proportion.  Thus, Santander, Cesar and Nariño showed the most 
promising perspectives for biodiesel production growth, based on the results 
obtained in optimization.  
 
Table 5-15 Biodiesel transported by tanker trucks as B100 (millions of liters/yr) "X2" 
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Terpel-San Jose 
  
64.97 
 
113.64 
    
Terpel-Puerto Carreno 
  
35.03 
   
143.58 
  
Terpel-Puerto Inirida 
       
178.61 
 
Terpel-Rio negro 
      
71.44 
  
Terpel-La Pintada 
      
71.44 
  
Zeuss-Petroleum-Girardota 
      
71.44 
  
Zapata-Velasquez-Turbo 
     
71.44 
   
Proxxon-Turbo 
     
71.44 
   
Terpel-Cimitarra 
      
114.31 
  
ExxonMobil-Giron 
      
114.31 
  
Terpel-Giron 
      
114.31 
  
Terpel-Puerto-Asis 
        
57.15 
Terpel-Florencia 
        
57.15 
Chevron-El Arenal 
   
95.26 
     
ExxonMobil-Galapa 
 
95.26 
       
Terpel-Magague 40.91 4.74 
  
49.61 49.61 
   
 
Table 5-15 and 5-16 show how biodiesel production should be distributed to 
wholesalers using tanker trunks and poliduct network. Results indicate that most of 
the produced biodiesel should be transported using poliducts rather tanker trucks. It 
can be partially explained to using poliduct network is cheaper and less 
contaminant than using trunks. However, poliduct network does not reach to all 
wholesalers (see Fig. 5-7 and 5-8). Moreover, the transported volume is higher by 
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poliduct because it can only transport maximum B4 blendings. Consequently, the 
best option for biodiesel transportation is using the current poliduct network. Along 
these lines, tanker trucks should be used to transport B100 to non-connected 
regions and supply wholesalers with additional biodiesel to reach B20. 
 
Table 5-16 Biodiesel transported by poliducts as B4 (millions of liters/yr) "Y2" 
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Chrevron-Bogota 
   
972 31 3,462 
Exxon Mobil-Terpel-Petrobras-Bogota 
  
1,353 2,620 
 
492 
Exxon Mobil-Chevron-Conjunta-Mansilla-Facatativa 
   
2,011 849 1,606 
Biocombustibles-Facatativa 540 
 
1,982 
  
1,943 
Brio-de-Colombia-Facatativa 
   
2,610 1,856 
 
Terpel-Buga 
     
3,572 
Terpel-Yumbo 
  
3,572 
   
Exxon-Mobil-Chevron-Biocombustibles-Petrobras-Buga 
   
3,572 
  
Exxon-Mobil-Chevron-Biocombustibles-Petrobras-Yumbo 
     
3,572 
Exxon-Mobil-Chevron-Biocombustibles-Petrobras-Cartago 354 
  
811 
 
2,407 
Exxon Mobil-Chevron-Biocombustibles-Buenaventura 369 
   
796 2,407 
Terpel-Pereira 
    
2,382 
 
Terpel-Manizales 13 
   
524 1,844 
Chevron-Medellin 
    
1,786 
 
Exxon Mobil-Medellin 
  
394 
  
1,392 
Terpel-Petromil-Medellin 
  
394 
  
1,392 
Terpel-La Gloria-Ayacucho 
    
2,858 
 
Terpel-Barrancabermeja 
    
2,858 
 
ExxonMobil-Terpel-Biocombustibles-Petrobras-Neiva 144 
  
324 
 
961 
ExxonMobil-Terpel-Chevron-Biocombustibles-Petrobras-
Gualanday      
1,429 
ExxonMobil-Terpel-Mariquita 
     
1,429 
Vopak-Cartagena 
 
1,884 
 
498 
  
Emgesa-Cartagena 
 
2,382 
    
Chevron-Cartagena 
   
2,382 
  
Chevron-Galapa 
 
2,382 
    
Siape-Barranquilla 
 
2,382 
    
Ecospetroleo-Barranquilla 
 
119 969 810 
 
484 
ExxonMobil-Cartagena 
  
2,382 
   
Terpel-Baranoa 
  
2,382 
   
Terpel-Cartagena 
    
2,382 
 
Palermo-Sitio-Nuevo 
  
2,382 
   
Petromil-Cartagena 
  
1,601 
 
781 
 
The costs under optimal conditions vary between $0.53-0.69 USD/L (see Table 5-
18). These costs are comparatively similar based on current costs ($0.66 USD/L, 
national average). These results are consistent with previous analysis, because the 
scales economic do not seem affect the final costs. Moreover, the costs decrease 
using the optimal biodiesel supply chain network.      
 
Table 5-17 Total biodiesel cost paid by wholesalers in Colombia under optimal production (USD/L) 
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Chrevron-Bogota 
      
0.67 
 
0.69 
 
Exxonmobil-Terpel-Petrobras-Bogota 
      
0.67 
 
0.69 
 
Exxonmobil-Chevron-Conjunta-
Mansilla-Facatativa       
0.67 0.65 0.69 0.53 
Terpel-Sanjose 
   
0.68 
 
0.69 
    
Terpel-PuertoCarreno 
   
0.68 
   
0.65 
  
Terpel-PuertoInirida 
        
0.69 
 
Biocombustibles-Facatativa 
      
0.67 0.65 0.69 0.53 
Brio-de-Colombia-Facatativa 
      
0.67 
  
0.53 
Terpel-Buga 
       
0.65 
 
0.53 
Terpel-Yumbo 
      
0.67 
 
0.69 0.53 
ExxonMobil-Chevron-
Biocombustibles-Petrobras-Buga          
0.53 
ExxonMobil-Chevron-
Biocombustibles-Petrobras-Yumbo       
0.67 0.65 0.69 0.53 
ExxonMobil-Chevron-
Biocombustibles-Petrobras-Cartago       
0.67 
   
ExxonMobil-Chevron-
Biocombustibles-Buenaventura         
0.69 0.53 
Terpel-Pereira 
      
0.67 0.65 0.69 0.53 
Terpel-Manizales 
      
0.67 
 
0.69 0.53 
Chevron-Medellin 
        
0.69 
 
ExxonMobil-Medellin 
       
0.65 0.69 
 
Terpel-Petromil-Medellin 
      
0.67 
 
0.69 
 
Terpel-Rionegro 
       
0.65 
  
Terpel-LaPintada 
       
0.65 
  
Zeuss-Petroleum-Girardota 
       
0.65 
  
Zapata-Velasquez-Turbo 0.67 
     
0.67 
   
Proxxon-Turbo 0.67 
     
0.67 
   
Terpel-Cimitarra 
       
0.65 
  
ExxonMobil-Giron 
    
0.65 
  
0.65 
  
Terpel-Giron 
       
0.65 
  
Terpel-LaGloria-Ayacucho 0.67 
     
0.67 
   
Terpel-Barrancabermeja 
       
0.66 0.69 
 
Terpel-Puerto-Asis 
         
0.53 
ExxonMobil-Terpel-Biocombustibles-
Petrobras-Neiva         
0.69 0.53 
ExxonMobil-Terpel-Chevron-
Biocombustibles-Petrobras-
Gualanday 
        
0.69 
 
ExxonMobil-Terpel-Mariquita 
        
0.69 
 
Terpel-Florencia 
         
0.53 
Vopak-Cartagena 
      
0.67 
   
Emgesa-Cartagena 
      
0.67 
 
0.69 0.53 
Chevron-Cartagena 
      
0.67 
 
0.69 
 
Chevron-Galapa 
        
0.69 
 
Chevron-ElArenal 
    
0.65 
     
Siape-Barranquilla 
       
0.66 0.69 
 
Ecospetroleo-Barranquilla 
      
0.67 0.66 0.69 
 
ExxonMobil-Galapa 
  
0.67 
       
ExxonMobil-Cartagena 
      
0.67 
   
Terpel-Baranoa 
        
0.69 
 
Terpel-Magague 0.67 0.67 0.67 
       
Terpel-Cartagena 
      
0.67 0.66 0.69 
 
Palermo-Sitio-Nuevo 
        
0.69 0.53 
Petromil-Cartagena 
      
0.67 0.66 
 
0.53 
 
The solution of above optimization problem shows flows and productivities required 
for the B20 expansion in Colombia, based on economical and environmental 
restrictions. Nevertheless, the supply chain considered excluded the effect that an 
expansion of oil palm crops will have on emissions by effect of land use change 
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(LUC). Therefore, this analysis is carried out and results are included in next 
section.  
5.3.2.4 LUC Analysis of Oil Palm Expansion in 
Colombia 
The expansion conditions of biodiesel industry in Colombia should guarantee the 
minimum environmental impact and, at the same time the economical optimum. 
Although, last section shows the optimal flows of biodiesel and transport conditions 
based on environmental and economical criteria, the feedstock requirements 
should be supported on the study of current land use and the implications of LUC 
by crop expansion. Based on above values of additional palm oil required to cover 
a B20 blending in Colombia, the additional areas required for each region were 
calculated, as well as their impact on agriculture emissions (see Tables 5-18 and 
5-21). 
Table 5-18 Current and predict situation for biodiesel production from oil palm. 
  Current Situation Predicted Situation 
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Northern 
Region 
Magdalena, Cesar, Atlántico and 
Guajira 
147,400 309,540 3.19E+08 664,189 1,394,797 1.44E+09 
Mid Region 
Santander, Norte de Santander, 
Bolívar 
103,700 217,770 2.25E+08 620,489 1,303,027 1.34E+09 
Eastern 
Region 
Meta, Cundinamarca, Casanare, 
Caquetá 
140,500 295,050 3.04E+08 657,289 1,380,307 1.42E+09 
Western 
Region 
Nariño 51,400 107,940 1.11E+08 568,189 1,193,197 1.23E+09 
Total 
 
443,000 
 
9.59E+08 2,510,156 
 
5.43E+09 
 
The crop required expansion is 4.5 times for Northern Region, 6.0 times for Mid 
Region, 4.7 for Eastern Region and 11.1 for Western Region (see Table 5-18).  Due 
to this expansion implicate the extensive land use and the replacement of the 
original land use, it become to necessary to establish the land types close the 
current crops (see Fig. 5-10 and Table 5-10). In addition, it is necessary to consider 
the agroecologic requirements of oil palm crops and the original land uses in all 
regions (see Table 5-20) 
Table 5-19 the expansion strategy for oil palm crops 
  
Land Clearing 
Region Department 0% 20% 40% 60% 80% 100% 
Northern 
Region 
Magdalena, Cesar, Atlantico 
and Guajira 
147,40
0 
250,75
8 
354,11
6 
457,47
3 
560,83
1 
664,
189 
Mid Region 
Santander, Norte de 
Santander, Bolivar 
103,70
0 
207,05
8 
310,41
6 
413,77
3 
517,13
1 
620,
489 
Eastern Region 
Meta, Cundinamarca, 
Casanare, Caquetá 
140,50
0 
243,85
8 
347,21
6 
450,57
3 
553,93
1 
657,
289 
Western 
Region 
Nariño 51,400 
154,75
8 
258,11
6 
361,47
3 
464,83
1 
568,
189 
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Table 5-20 Agriculture parameters and land use change 2012 
Parameter Value Unit Region Original land use Share (%) 
Photsynteitc rate 1.4 TC/Ha yr Northern Region Tropical rain forest 18.00% 
Palm Density 143 #/Ha  Annual Crops 34.00% 
Fertilizers    Grassland 48.00% 
UREA 0.3146 Ton/ha Mid Region Tropical rain forest 25.00% 
Triple superphosphate 0.0388 Ton/ha  Annual Crops 25.00% 
Potassium sulphate 0.0286 Ton/ha  Grassland 50.00% 
Potassium chloride 0.0343 Ton/ha Eastern Region Tropical Mountain forest 5.00% 
Herbicides 0.0131 Ton/ha  Annual Crops 31.67% 
Fuel Consumption 285 L/Ha  Grassland 63.00% 
   Western Region Tropical rain forest 23.00% 
    Tropical moist deciduous forest 18.00% 
    Annual Crops 37.00% 
    Grassland 22.00% 
Source: (Fox, Yosi, & Keenan, 2009; IICA, 2006; Lizarazo & Alfonso, 2011) 
 
Fig. 5-9 Land use in Colombia at 2012 including current oil palm crops, adapted from: (Calle, 2012) 
 
The current land use, using standard agronomic conditions, shows a net saving of 
emissions in all regions (see Table 5-21). The major savings are present in 
northern and eastern regions where are located the larger oil palm plantations. 
Under current situation oil palm crops are capturing CO2 emissions. In this way is 
partially fulfilled the objective of biofuels.  
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Table 5-21 Emissions saved by current oil palm planted area 
 
Area (Ha) Urea (Ton/year) P (Ton/year) K (Ton/year) 
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Northern Region 147,400 46,372 5,721 9,274 1,922 42,009 -12,107,367 
Mid Region 103,700 32,624 4,025 6,525 1,352 29,555 -8,517,870 
Eastern Region 140,500 44,201 5,453 8,840 1,832 40,043 -11,540,604 
Western Region 51,400 16,170 1,995 3,234 670 14,649 -112,154 
 
Based on the expansion targets defined in Table 5-19 and the initial land uses in 
the all regions Table 5-20, were calculated the change on emissions due to the 
land use change and its effect on potential to capture CO2 (see Table 5-22). For 
most of regions (except eastern region), it was found a change in emissions, 
changing sink zones to source areas.  This result is explained due to in this zones 
native forest are being changed by oil palm crops, with comparative lower potential 
to capture CO2.  However, the eastern region where grasslands are predominant 
showed that the potential to capture CO2 was reduced but it still exists. Thus, 
assuming the expansion conditions are carried out in the way of livestock activities 
will not affect, the replace of grassland for oil palm crops become to be an 
adequate strategy for emission reduction, given the photosynthetic rate of the oil 
palm is higher than the capitation power of grassland. Comparing the LUC analysis 
with the optimization results, the second showed that the higher expansion of  palm 
oil should be located in Nariño (western region). However the LUC analysis 
indicate that an uncontrolled expansion affecting native forest could increase the 
emissions and, therefore, it could become to be most risky from environmental 
viewpoint.  
 
Table 5-22 Changes on emissions for land clearing 
 
Land Clearing Area (Ha) 
Initial Land Use Emissions 
of Feedstock 
production (tCO2eq) 
Native Forest
1 
Annual Crops Grassland 
       
N
o
rt
h
e
rn
 
R
e
g
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n
 
0% 147,400 0 0 0 -12,107,367 
20% 250,758 45,136 85,258 120,364 1,548,788 
40% 354,116 63,741 120,399 169,975 2,187,170 
60% 457,473 82,345 155,541 219,587 2,825,552 
80% 560,831 100,950 190,683 269,199 3,463,934 
100% 664,189 119,554 225,824 318,811 4,102,316 
M
id
 R
e
g
io
n
 
0% 103,700 0 0 0 -8,517,870 
20% 207,058 51,764 51,764 99,388 1,893,883 
40% 310,416 77,604 77,604 148,999 2,839,260 
60% 413,773 103,443 103,443 198,611 3,784,636 
80% 517,131 129,283 129,283 248,223 4,730,013 
100% 620,489 155,122 155,122 297,835 5,675,389 
       
E
a
s
te
rn
 R
e
g
io
n
 
0% 140,500 0 0 0 -11,540,604 
20% 243,858 12,193 77,222 153,630 -209,003 
40% 347,216 17,361 109,952 218,746 -297,588 
60% 450,573 22,529 142,682 283,861 -386,173 
80% 553,931 27,697 175,412 348,977 -474,758 
100% 657,289 32,864 208,142 414,092 -563,343 
W e
s
te rn
 
R e
g
io n
 0% 51,400 0 0 0 -112,154 
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20% 154,758 35,594 27,856 57,260 34,047 
40% 258,116 59,367 46,461 95,503 56,785 
60% 361,473 83,139 65,065 133,745 79,524 
80% 464,831 106,911 83,670 171,988 102,263 
100% 568,189 130,683 102,274 210,230 125,002 
1
 Native forest considered are: Northern, Eastern (Tropical Rain Forest), Mid (Tropical Mountain 
Forest), western (Tropical Rain Forest and Tropical moist deciduous forest) 
The growth of biodiesel industry in Colombia results in high feedstock requirement. 
Because the biodiesel production is based on oil palm, the future scenarios 
consider this like unique feedstock. Nevertheless, according to the results obtained 
in this chapter section, the increment of 10-15% in the biodiesel blends implicates 
the need of increase also the current production of palm oil, and consequently its 
planted area.  If the expansion conditions continue this tendency, the total amount 
of biodiesel based on palm oil could not supply the country requirements or it could 
threat the food security. Therefore, the exploration of the other oleaginous crop, like 
jatropha or castor, jointly with the palm oil (the consolidated industry) could be 
considered the next step to the biodiesel industry growth. 
5.3.3 Comparison Ethanolysis vs. Methanolysis 
Different short-chain alcohols can potentially be used for biodiesel production, 
including methanol, ethanol, propanol, butanol and amyl alcohol. Even secondary 
and higher alcohols could be potentially used for the biodiesel production due to 
the different positive characteristics of their derivated fatty esters at low 
temperatures. However, high prices, complex and expensive alcoholysis conditions 
make secondary alcohols unsuitable for practical use (Stamenković, Veličković, & 
Veljković, 2011). Consequently, methanol and ethanol have arisen as main 
industrial alternatives. Both alcohols have differences on solubility and certain 
processing conditions in biodiesel production, which affects phase equilibrium, 
energy consumption and total production cost.  
 
In this section, two short chain alcohols: methanol and ethanol were employed as 
feedstocks of biodiesel production from palm oil, using Aspen Plus simulations and 
subroutines for properties prediction. Thus, their effect on process energy 
consumption was assessed. The influence of alcohol selection on global process 
performance and consequently their technical viability was verified.  
 
Table 5-23 Comparison of operation conditions of methanolysis and ethanolysis 
 Methanol Ethanol 
Molar Ratio 6:1 10:1 
Catalyst (%wt) 1.0% 1.5% 
Reaction Temperature (K) 333 358 
Reaction Time (h) 3 15 
Source: (Bart, et al., 2010; ICIS pricing, 2011b; Meneghetti et al., 2006; Vieitez et al., 2010) 
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Initially, it was considered the main operational differences between Ethanolysis 
and Methanolysis. Methanol is the most used alcohol in the biodiesel production 
due to its suitable physic-chemical properties, low cost, mild reaction conditions; 
comparatively small reaction time and easy phase separation (see Table 5-23). In 
methanolysis, the reaction mixture form an emulsion, this can be easily separated 
into a glycerol rich phase and a FAME rich phase. However, the methanol, due to 
its low boiling point, has an explosion risk associated with its vapors. Methanol is 
also hydroscopic and consequently contaminants such as the humidity or moisture 
in the air can decrease the effectiveness of the catalyst, creating the potential for 
yield loss and foaming in biodiesel production (Bart, et al., 2010). Finally, both 
methanol and methoxide are hazardous and toxic materials that should be handled 
carefully (Leung, Wu, & Leung, 2010). Methyl-esterified biodiesel fuel has a 
disadvantage in that the pour point is high as compared with light oil (which is 
petroleum-based fuel) for diesel engines. While the pour point of commercially 
available light oil is 258 K, the pour point of methyl-esterified fuel is about 271 K. 
For this reason, methyl-esterified fuel is less suitable for use in cold regions and 
requires be blended with fossil diesel for an effective operation (Bart, et al., 2010). 
 
Table 5-24 Simulation results of biodiesel production from palm oil using ethanolysis and 
methanolysis routes 
Palm Biodiesel Methanolysis Ethanolysis 
Materials (Kg/h) 
  
Crude Oil 992.59 992.59 
FFA content (% wt) 6% 6% 
Methanol 159.02 - 
Ethanol - 513.80 
NaOH 9.33 14.00 
H2O 1,389.63 1,389.63 
H2SO4 20.84 31.26 
Energy  (Electricity, kW) 
  
Pumping, and Recycling 0.55 1.34 
Energy  (Heat, MW) 
  
Heating 26.39 85.27 
Cooling 39.15 126.50 
Products (Kg/h) 
  
Biodiesel (FAME) @>99%wt 1,000.00 - 
Biodiesel (FAEE) @>99%wt - 1,037.20 
Glycerol @>88%wt 112.21 116.38 
Waste Water 1,003.45 1,003.45 
Azeotropic Ethanol @95.63%wt - 376.10 
Na2SO4 10.56 15.84 
 
Ethanol is the second most frequently used alcohol in biodiesel production. Main 
advantages of ethanol are related to its non-toxicity and solubility with vegetable 
oils. Last feature allows using ethanol simultaneously for integrated for oil 
extraction and transesterification reaction, avoiding the use of hexane solvent 
(Shuit, Lee, Kamaruddin, & Yusup, 2010a).  Ethanol can be obtained from 
fermentative processes using biomass from a varied source including sugar and 
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lignocellulosic feedstocks (Julián A. Quintero, Rincón, & Cardona, 2011). The 
prospects for using ethanol for transesterification are rather attractive, since this 
environmentally friendly alcohol with low toxicity can be of a renewable origin and 
the final product would then be produced from 100% renewable sources 
(Stamenković, et al., 2011).The best example for biodiesel production from ethanol 
is Brazilian industry, where it has been the natural choice because this country is 
one of the world's biggest ethanol producers. Moreover, they have well-established 
technology of production, large industrial plant capacity installed throughout the 
country, allowing a continuous supply of ethanol with a relative low cost (Vieitez, et 
al., 2010). However, the cost of ethanol for non-producers countries is still higher 
than that of methanol, particularly where absolute (dry) ethanol is used in 
processes based on conventional catalytic methods. The effect of the water content 
on the reaction conversion is considered as a major problem associated with ethyl 
ester production. Consequently, the use of ethanol as a reactant usually implies 
that it must be in anhydrous state and that the oils have been refined. In this sense, 
drying of ethyl alcohol requires sophisticated equipment, and production costs of 
absolute alcohol are high. Otherwise, ethanolysis process has larger reaction and 
the emulsion formed is stable, requiring more complicated separation and 
purification process (see Table 5-24). FAAE has technical advantages related 
oxidative stability, lower iodine value, better lubricity properties, as well as lower 
cloud point and pour point, which improves the engine start at low temperatures. 
The extra carbon atom brought by the ethanol molecule slightly increases the heat 
content and the cetane number (Stamenković, et al., 2011). 
 
Table 5-25 Simulation results of biodiesel production from palm oil using ethanolysis and 
methanolysis routes 
  Methanolysis Ethanolysis 
Raw material Cost $ 0.47 $ 0.72 
Total utilities Cost $ 0.03 $ 0.09 
Operating Labor $ 0.01 $ 0.01 
Maintenance $ 0.02 $ 0.02 
Operating Charges $ 0.00 $ 0.00 
Plant Overhead $ 0.01 $ 0.01 
General and Administrative Cost $ 0.06 $ 0.06 
Total Operation Costs $ 0.60 $ 0.91 
Total Project Capital Cost $ 0.05 $ 0.05 
Total Production Costs $ 0.65 $ 0.96 
 
Usually, the selection of the alcohol is based on cost and performance 
considerations. From a technical and economic point of view, the transesterification 
with methanol is much more advantageous than with ethanol. The results of 
simulation processes for biodiesel production, using methanolysis and ethanolysis 
routes are summarized in Table 5-24. These results confirms that similar yields of 
fatty acid esters may be obtained following ethanolysis (96.88%) or methanolysis 
(96.41%), generating similar rates of biodiesel product. Meanwhile, as it was stated 
by  (Meneghetti, et al., 2006), the reaction times required to attain them are very 
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different, with methanolysis being much more rapid. With relation to energy 
consumption, it can be seen how ethanolysis demands 3 times more energy than 
methanolysis. This result is explained based on the fact that a higher solubility of 
ethanol drives to the formation of more stable emulsions, which makes the 
separation of FAEE and ethanol-glycerol more difficult.  
 
Comparing production costs of these routes (see Table 5-25), it can be seen how 
the obtained values are influenced by two main factors: Total utilities cost and raw 
material costs. The first is consequence of the difficult to separate reaction mixture 
in ethanolysis routes, where glycerol does not settle spontaneously and the alcohol 
excess must be evaporated. Moreover, the higher molar ratio alcohol:oil increase 
the loads passing through the separation system and consequently the energy 
consumption. 
 
Table 5-26 Decomposition of raw material costs 
  
Materials 
Crude Palm 
Oil 
Alcohol 
Sodium 
Hydroxide 
Sulphuric 
Acid 
Methanol Kg/h 992.59 159.02 9.33 20.84 
 
USD/Kg1
 
$ 0.50 $ 0.31 $ 0.21 $ 0.28 
 
USD/Year $ 3,970,360 $ 394,370 $ 15,674 $ 46,682 
 Share (%) 89.68% 8.91% 0.35% 1.05% 
Ethanol Kg/h 992.59 513.80 14.00 31.26 
 
USD/Kg1
 
$ 0.50 $ 0.67 $ 0.21 $ 0.28 
 
USD/Year $ 3,970,360 $ 2,753,993 $ 23,512 $ 70,022 
 Share (%) 58.23% 40.39% 0.34% 1.03% 
Source: 
1
(FEDEPALMA, 2012; ICIS pricing, 2011a) 
In the same way, by decomposing raw materials costs (see Table 5-26), it can be 
seen the effect of a higher consumption of ethanol on this Item. Ethanolysis uses a 
molar ratio of 10:1 and a catalyst load of 1.5 wt for transesterification reaction, 
these means that using this route requires more ethanol, more sodium hydroxide 
and consequently sulphuric acid to neutralize it. This change has an overall effect 
on raw material costs increasing it 35% compared to methanolysis. Based on 
above results, it is confirmed the base conception of ethanolysis as more 
expensive route for biodiesel production. Moreover, during the separation process 
is only recovered azeotropic ethanol, which cannot be recycled to the process until 
be dehydrated. This additional separation requires even more energy and 
equipment, affecting the economic viability of this process.  
 
Based on above facts, it can be explained why ethanol has been recommended for 
those process routes where water content is not an important variable for the 
overall performance of transesterification reaction (e.g. acid catalysis both 
homogeneous and heterogeneous or supercritical conditions). However, most of 
these routes are not economically competitive, compared to basic homogeneous 
catalysis. In consequence, it can be stated that ideal scenario for biodiesel 
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production using ethanolysis route would be based on an integrated scheme, 
where ethanol be produced simultaneously. This configuration would allow be 
independent from commercial prices of ethanol and use the dehydration section to 
recover the azeotropic ethanol obtained during biodiesel purification. This kind of 
schemes will be considered in follow sections chapters in integrated production 
schemes to incorporate ethanol as reagent. 
5.3.4 Biorefinery I: Integration Approach Biodiesel 
and Ethanol production from lignocellulosic 
biomass 
Sustainable biodiesel production from oil palm was simulated considering jointly  
four processes, which are: palm oil extraction and refining, biodiesel production, 
and ethanol production from two feedstocks (lignocellulosic residues and crude 
glycerol). The results of extraction process of crude palm oil from FFB are 
summarized in Table 5-27. These values were used to feed the integrated 
biorefinery for the production of biodiesel and ethanol. 
 
Table 5-27 Mass Balances of Palm Oil Extraction 
  PPF EFB PPF CRUDE PALM OIL 
Flow (Kg/h) 7,685 11,144 7,685 2,916 
Cellulose  30.1% 13.7% 24.0% 
 
Hemicellulose  15.3% 14.8% 14.0% 
 
Lignin   6.0% 7.8% 12.6% 
 
Ash  5.0% 0.6% 3.0% 
 
Moisture  7.0% 63.0% 38.0% 
 
Oil  32.8% 0.0% 5.9% 94.0% 
Protein 2.1% 
 
2.5% 1.0% 
FFA 1.7% 
  
5.0% 
In this integrated production configuration, the main feed streams are EFB, PPF, 
and palm oil, while other feed streams are catalytic agents and residues. In this 
sense, the main product streams are biodiesel and ethanol (see Table 5-28). This 
configuration considers two simultaneous processes: (i) saccharification and 
fermentation, where the cellulose hydrolysis produces glucose, which is 
assimilated by the microorganisms and converted into ethanol, and thus the 
inhibitory effect of glucose over cellulases are reduced. (ii) Reactive extraction, 
where reaction and separation are integrated in one unit, increasing the 
conversion. The yields and productivities are improved related to conventional 
processes, because of the continuous products extraction. In this way, a high 
product concentration is obtained in both cases. The obtained results indicates that 
with this integrated production configuration, it is possible to obtain high quality 
biodiesel and ethanol (>99%). A high ethanol/palm oil ratio is used in the multistage 
reactor-extractor, since the excess of ethanol leads to a better conversion of 
feedstock during biodiesel production. Ethanol fed to the reactor-extractor is a 
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mixture of the ethanol obtained from both production processes (lignocellulosic 
biomass and glycerol). This mixture ensures a high ethanol flow inside the multi-
stage reactor–extractor. Thus, a 99.9 % wt of palm oil conversion is reached with a 
final Biodiesel purity of 99.5 %wt. However, in this configuration is recovered 2/3 of 
azeotropic ethanol, which can be recycled after passing through molecular sieves 
installed in the ethanol plant. This improvement solves one of the main problems of 
ethanolysis route, it is the reutilization of azeotropic ethanol in transesterification 
reaction discussed in section 5.3.3.  
 
Table 5-28 Main streams of integrated biorefinery for the production of Biodiesel and Ethanol 
Biodiesel   Bioethanol   
Materials Kg/h Materials Kg/h 
Crude Palm Oil 2916.00 EFB+PPF 18,828.87 
FFA content (% wt) 4% H2SO4       449.43  
Ethanol 1509.44 Water  11,200.45  
NaOH 43.74 
Inoculum (Zinomonas 
Mobilis@2% wt) 
   4,021.78  
Water 1000.00 NH3  12,341.50  
H2SO4 @98%wt 53.58 Ca(OH)2         97.39  
  
Glycerol @>88% wt 323.01 
Products Kg/h Products Kg/h 
Biodiesel @>99% wt 3041.55 Ethanol Anhydrous     3,461.91  
Glycerol @>88% wt 294.49 Syrup    2,077.73  
  
CO2         96.61  
Residues Kg/h Residues Kg/h 
Waste Water 1826.72 Effluents  22,611.69  
Na2SO4  61.78 Lignin    1,848.68  
Recovered Azeotropic 
Ethanol@95%wt 
1056.61 Gypsum    1,526.35  
 
Biodiesel from oil palm and ethanol from lignocellulosic biomass have been 
individually described and analyzed by different authors. Indeed, an important 
integration approaches was recently performed by (Luis F. Gutiérrez, et al., 2009). 
They considered different process configurations for heat and mass integration, 
and results were discussed based on data obtained from process simulation. But 
the integration of these two processes leaves an unsolved problem, which is the 
production of low cost glycerol; since its sales do not represent a significant income 
for the integrated biodiesel production. In this section, this integrated biorefinery 
was improved by including also the use of crude glycerol as feedstock to produce 
more ethanol. It represents an additional advantage for the biorefinery, allowing to 
use oil palm as single raw material to produce biodiesel and ethanol.  
 
Total production cost of ethanol from crude glycerol in an isolated biorefinery were 
estimated in 0.2694 USD/L (John A. Posada, et al., 2012b), but this result considers 
the buying of crude glycerol. Total production cost of ethanol from lignocellulosic 
biomass has been calculated by (McAloon, Taylor, Yee, Ibsen, & Wooley, 2000); it 
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was 0,396 USD/L. On the other hand, total production cost of biodiesel from oil 
palm under above described operation conditions was previously calculated as 
about 0.65 USD/L. Total production cost of biodiesel from oil palm in this integrated 
production process was calculated as 0.8803 USD/L, which is higher than 
production cost of palm biodiesel discussed in section 5.3.1. However, it is an 
integrated biorefinery; consequently, it should be analyzed according to its 
integrated potential. In this sense Table 5-30, presents the combined production 
costs of palm oil extraction plant, as well as biodiesel and ethanol plants. They are 
compared to the potential sales based on production rates and market prices of 
products. Thus, this integrated biorefinery is able to potentially generate a profit 
margin of 49%, showing that although production costs of individual plants is high 
their combination in an integrated biorefinery leads to a economically sustainable 
configuration. 
 
Table 5-29 Economic results of the integrated biorefinery for the production of Biodiesel and Ethanol 
Palm Oil Extraction Plant 
Annualized Cost 
   Crop Fixed Cost $        4,189,211  Crude Palm Oil (Ton/Year)               23,328  
Crop Variable Cost  $        6,070,681  Palm Kernel Oil (Ton/Year)                    931  
Extraction Costs  $        2,234,246  PKO Price (USD/Ton) $ 1,385 
General and Administrative Costs  $        2,204,848      
Subtotal1 (USD/year)  $      14,698,985  
  Biodiesel and Ethanol Plant 
Annualized Cost 
   Raw Material  $        9,334,799  Biodiesel Production (L/year)        27,650,471  
Utilities   $        5,820,424  Biodiesel (USD/L) $ 1.46 
Operating Labor  $           229,499  Ethanol Production  (L/year)        24,669,780  
Maintenance  $        1,717,094  Ethanol Anhydrous (USD/L) $ 1.19 
Operative Charges  $           832,279  
  Plant Overhead  $           973,297  
  General and Administration  $        2,073,785  
  Capital Depreciation  $           615,223    
Subtotal 2 (USD/year)  $      21,596,400  
  Biorefinery Total Cost (USD/year)  $      36,295,385  Estimated Sales (USD/year) $ 71,016,064.77 
Estimated Profit Margin   49%   
 
5.3.5 Biorefinery II: Integration Approach Palm Oil 
Fractionation, biodiesel production and 
Biomass Fired Cogeneration 
A major concern related to the use of edible oil feedstocks such palm oil for 
biodiesel production is related to competition with food. In this sense, modern 
biorefineries should include alternatives which allow preserving food end-uses, 
while other added value products are obtained.  
 
Palm oil is part of diet of different people as a low cost commodity with a high 
nutritional value, although is unhealthy due to trans-fatty acid contents. In order to 
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obey the strict regulations for cooking salad oils, palm oil must be fractionated. 
Olein is the liquid fraction of palm oil with a high oleic acid content and low palmitic 
acid. Palm-based Olein has high carotenoids, tocopherols and tocotrienols content, 
making an interesting choice for cooking salad applications. Other fractions such 
palm stearin and palm kernel olein are both products presently have limited use. 
 
Table 5-30 Main streams of integrated production of Biodiesel and Ethanol 
Materials Kg/h Products   Kg/h 
Palm Oil 37,370 Biodiesel @>99% wt          5,490  
 
C48 (% wt) 11.3% Glycerol USP             616  
 
C50 (% wt) 37.6% Olein        31,973  
 
C52 (% wt) 35.7% 
 
C48 (% wt) 3.3% 
 
C54 (% wt) 9.4% 
 
C50 (% wt) 39.4% 
 
FFA 3.0% 
 
C52 (% wt) 38.6% 
 
Tocopherols 2.0% 
 
C54 (% wt) 11.4% 
 
Carotenes 1.0% 
 
FFA (% wt) 3.7% 
EFB+PPF 246,713 
 
Tocopherols (% wt) 2.4% 
Air 
 
2,000,000 
 
Carotenes  (% wt) 1.2% 
NaOH 
 
35,638 Methanol 
 
       46,872  
Process Water 720,611 
  
 
H2SO4 
 
4,671 
  
 
Energy   MW Residues  Kg/h 
Electricity (Generated) 171 Waste Water          5,509  
Energy   MW Na2SO4 
 
              58  
Heating  - Flue gas 
 
  2,177,624  
Cooling 215 Ash, char and Tar   2,211,290  
 
Under an integration approach in this biorefinery, the crude palm oil is fractionated 
to obtain palm olein (0.856 Kg/Kg palm oil). This fraction recovers 86% of total 
crude palm oil and contains all nutritional tocopherols and carotenes. Stearin 
fraction is used to produce biodiesel (0.025 Kg/Kg palm oil) and Glycerol USP 
(0.003 Kg/Kg palm oil) (see Table 5-30). Conversely, the extraction residues EFB 
and PPF are used to cogenerate heat and electricity (4.588 kWh/Kg palm 
residues), covering all energy requirements of this biorefinery (see Table 5-31). 
This plant also produces Methanol (0.19 Kg/Kg palm residues) from syngas 
produced from biomass residues and used to cover requirements of biodiesel plant 
selling remaining production (see Table 5-31).  
 
Table 5-31 Energy balance of cogeneration plant BIGCC 
  EPF+FFB 
Available Residue [Kg/h] 
 
    209,343  
Calorific Value [MJ/Kg] 
 
18.00 
Cogenerated Heating 
 
 
Heat Fired [MW] - 715.98 
Heat Direct Use  [MW] -89.72 
 
Heat Exchangers [MW]   181.50 
Total Heating [MW] - 807.76 
Cogenerated Electricity 
Pumping [MW] -0.83 - 
Gas Turbine [MW] - 92.97 
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Steam Turbine [MW] - 78.48 
Total Electricity [MW]  - 171.46 
 
The potential of this integrated production process can be seen in the economic 
analysis of this biorefinery. As it can be seen, this option has higher production 
costs for oil extraction and fractionation plant, as well as for methanol and BIGCC 
cogeneration plant. It can be explained based on higher processing rates in this 
stages, which requires more equipment and utilities. In addition, biodiesel and 
glycerol plants have a low production cost due to stearin, methanol and energy are 
produced in the two other plants; consequently, the production costs represents 
only external elements such catalysts or cooling energy. Indeed, in this case 
biodiesel production has a cost of 0.08 USD/L much lower than 0.5 USD/L of 
Diesel. The combined production proposed in this biorefinery has estimated profit 
margin of 70%, which can be considered a high value. Probably, a more detailed 
design with a deep economic analysis would present a reduction, but it still is an 
indicative the potential sustainability of this project (see Table 5-32). 
 
Table 5-32 Economic Results of integrated approach II 
Oil Extraction and Fractionation Plant 
Annualized Cost 
   Raw Material  $          37,015,100  Palm Olein (Ton/year)                 255,785  
Utilities   $                 20,339  Olein Price (USD/Ton)  $             1,220.00  
Operating Labor  $               225,374  
  Maintenance  $                 41,529  
  Operative Charges  $                 56,344  
  Plant Overhead  $               133,451  
  General and Administration  $            2,999,370  
  Capital Depreciation  $               281,911  
  Subtotal 1 (USD/year)  $          40,773,417  
  Biodiesel and Glycerol USP Plant 
Annualized Cost 
   Raw Material  $            1,085,296  Biodiesel Production (L/year) 49,909,091 
Utilities   $               481,912  Glycerol USP (L/year)               4,928,396 
Operating Labor  $                 51,521  Biodiesel  Price (USD/L) $ 1.38 
Maintenance  $                 83,411  Glycerol USP (USD/L) $ 3.25 
Operative Charges  $                 12,879  
  Plant Overhead  $                 61,800  
  General and Administration  $            1,614,659  
  Capital Depreciation  $               386,569  
  Subtotal 2 (USD/year)  $            3,778,045  
  Methanol and BIGCC Plant 
 Annualized Cost  
   Raw Material  $          60,351,300  Electricity Production (kWh/yr)       1,376,000,000  
Utilities   $          45,839,400  Electricity Price (USD/kWh) $ 0.07 
Operating Labor  $               281,652  Methanol (Kg/h)           374,976,011  
Maintenance  $               270,650  Methanol (USD/Kg) $ 0.31 
Operative Charges  $                 70,413  
  Plant Overhead  $               276,151  
  General and Administration  $          28,389,400  
  Capital Depreciation  $            2,815,635  
  Subtotal 3 (USD/year)  $        138,294,601  
  Biorefinery Total Cost (USD/year)  $        182,846,062  Estimated Sales (USD/year) $ 609,534,037 
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Estimated Profit Margin 70% 
5.3.6 Environmental potential impact analysis 
Finally, two options biorefineries were compared according to their global 
emissions calculated using WAR tool.  First integration approach was named 
Biorefinery 1, while second approach was Biorefinery 2.The potential of 
environmental impact (PEI) results are presented as PEI generated within system 
per mass of product streams in two different ways: a) without energy analysis and 
b) with energy analysis. The first analysis revealed that Biorefinery 1 can be more 
environmental friendly than Biorefinery 2 (see Fig.5-10). A detailed analysis reveals 
how in the categories Human toxicity potential by ingestion (HTPI), Terrestrial 
toxicity potential (TTP), and Acidification potential (AP), these processes have the 
higher differences. This result is explained due to the generation of methanol in 
second process. Methanol compared to ethanol is more toxic and less 
environmentally friendly, affecting the overall mitigation potential of this process.  
 
 
Fig. 5-10 PEI Generate within a system per mass of product streams, without energy analysis 
 
However, this tendency changes including energy consumption in this analysis. 
The Biorefinery I does not include cogeneration technologies, due to biomass 
residues are employed for ethanol production. This technology has a high energy 
consumption rate during the conversion of lignocellulosic biomass into ethanol and 
its further purification. Conversely, biorefinery 2 uses a cogeneration system, which 
allow avoid external energy consumption. This technology change has a high 
impact on the environmental impact of both processes as can be seen in Fig. 5-11.  
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.  
Fig. 5-11 PEI Generate within a system per mass of product streams, with energy analysis 
 
Finally, it can be stated how these two alternatives have none mitigation effect and 
its products are potentially contaminant. In this sense, they must be carefully driven 
to avoid potential damages to the environment, especially with relation to methanol. 
In addition, it is recommendable to consider alternatives to integrate a 
cogeneration system for biorefinery 1, avoiding using fossil fuels use. 
5.4 Conclusions 
Palm oil is the most important oleochemical feedstock in Colombia by production, 
planted area and consumption; consequently, any development in oleochemical 
should consider the role of this feedstock as potential main supplier. In this chapter, 
it has been developed integrated approaches to increase added  value of oil palm, 
including biodiesel production as main current use and other important uses, such 
as alcohol production and food products, such as Palm Olein.  In this sense, it was 
found how important is the role of associations of smallholders-commercial 
producers, in order to guarantee the economic sustainability of biodiesel industry 
from palm oil. In this sense, a first change to improve this sustainability relies in 
changing the current production scheme by including productive associations into 
biodiesel business. Thus, once the production conditions are improved and the 
economic outlook is better, an inclusive business model between smallholders and 
private commercial producers can bring positive impacts for all stakeholders and 
contribute to rural development. Moreover, facilitating comparable agronomic 
production conditions between smallholder and commercial producers can 
opportunities to become more competitive and access international markets (e.g. 
Export Biodiesel to European Union). From a policy point of view, the results of this 
work suggest that including smallholders in the supply chain under some 
conditions can be competitive with liquid biofuel production systems that are purely 
large scale. For governments, this type of analysis can be a powerful tool in 
negotiations with the private sector aligning better the purely profit-motivated 
interests of the private sector with those of the public good. Private sector 
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investments might, as much as possible, meet wider socio-economic objectives. 
However, the bonus is on governments to provide information to the private sector 
on how broader socio-economic objectives can be fulfilled. 
 
In the world, the evolution of biodiesel demand has an effect on the global market 
of edible feedstocks, affecting their commercial prices and availability and 
consequently food security. Currently, the Colombian biodiesel industry is based on 
palm oil, and from an economic point of view this alternative is an acceptable 
option. However, a future expansion of biodiesel production based on palm oil 
might generate food industry instabilities, derived of prices changes. Therefore, it 
can be seen the importance of non-edible alternative such jatropha and 
microalgae, allowing a sustainable economic and environmental biodiesel 
production. The world bioenergy tendencies are focused on its extensive usage 
due to the environmental and political benefits, the optimal specific-location 
expansion conditions must be studied. In this chapter, the biodiesel based-palm 
supply chain was studied taking into account the minimal emissions, minimal costs 
and logistics considerations. The analysis, linked to LUC criteria, showed that the 
best option based on the economic performance contrasts to LUC results and 
logistics parameters. The biodiesel palm-based industry requires large land 
extension, but the most economical promising regions precisely are the zone close 
to native forest, which the ecosystems, biodiversity and emissions sink. The results 
of this work indicated that the B20 target to 2012 can be reached via palm supply 
chain expansion: the logistic conditions allow obtaining the minimal costs, 
environmental loads, and the adequate land use strategy could reduce the LUC 
effects. But also, the overview about the amounts and conditions for the expansion 
lead the discussion toward other feedstocks, which could be combined with palm 
industry for the higher biodiesel blends. Moreover, according to supply chain 
analysis from an environmental point of view oil palm crops should be expanded in 
eastern region and an additional biodiesel plant should be at least built in Nariño's 
region in order to supply with low cost an low emissions impact southern region of 
Colombia. 
        
Biodiesel and alcohols can be jointly produced using oil palm as sole source by 
mean of processes integration, such as the biodiesel production with the ethanol 
production from two feedstocks: lignocellulosic residues (empty fruit bunches and 
palm press fiber produced during) and crude glycerol or methanol from syngas 
obtained with this lignocellulosic residues. In both options, alcohol is completely 
self-supplied by the integrated process and low quantities of wastes are produced.  
The economic and environmental evaluation showed better global performance for 
second integrated approach. In this sense, a biorefinery with a major number of 
products and low energy consumption is an important option for the development 
of oil palm industry, due to this is maximizing the use of this feedstock, while food 
security is granted with palm olein production.  
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CHAPTER 6 JATROPHA 
DERIVATIVES 
____________________________________ 
6. Overview 
In this chapter jatropha is analyzed as an important feedstock option for biodiesel 
production. This feedstock impacts positively on food security due to their no-edible 
character and capacity to grow in degradable/wasted lands preserving most 
productive lands for planting food crops. Two echelons were considered to analyze 
biodiesel production. First echelon compares biodiesel production using two 
technologies: conventional process and an oil-extraction-reaction process. The 
performance of these two options was compared from technical and environmental 
points of view. Due to oil-extraction-reaction is a new technology, it is not 
economically compared with a conventional well established technology. In the 
second level, a biorefinery based on jatropha was considered. In this option, 
biodiesel was the main product, while 1,2 propanediol, syngas, bioheat and 
bioelectricity are by-products increasing the profit margin of this process. Using a 
biorefinery configuration for biodiesel production from jatropha might help to face 
uncertainties related to using jatropha as feedstock due to the instabilities on its 
prices. In this sense increasing profit margin of this process allows to make a better 
use of jatropha feedstock with a higher resilience to changes in the oilseed market. 
6.1 Introduction 
Historically, Biodiesel has been produced mostly from edible oleaginous materials 
(e.g., palm oil, soybean oil, rapeseed oil). However, these feedstocks are food and 
feed sources, and accordingly, their commercial prices are affected by international 
market and direct consumption as food. This situation has driven to uncertainties 
related to supplying, prices and food security (Janaun & Ellis, 2010). Consequently, 
it is a key concern to find low-cost and sustainable both raw materials and 
technologies for a massive production of biodiesel (Huang, et al., 2010; Peng, et 
al., 2008).  
 
Jatropha Curcas L. (hereafter referred as Jatropha) is a tropical and subtropical 
plant, which grows at latitudes 30 degrees north and south of the Equator and has 
rapidly expanding through India, Indonesia and Africa. Native from tropical 
America, it is a bush or small tree which belongs to the family of Euphorbiaceae 
(Upham, et al., 2009). This crop is highly resistant plant able to survive in fallowed 
agricultural lands (Achten, et al., 2008) and low to high rainfall areas (Vasudevan & 
Briggs, 2008). This option leaves more productive land available for food crops 
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(Janaun & Ellis, 2010). In addition, it can be easily cultivated with little effort to 
sustain. Jatropha has a life cycle of 30-50 years eliminating the requirement of a 
yearly re-plantation (Gui, et al., 2008; Vasudevan & Briggs, 2008). Unlike to 
traditional oleaginous raw materials, Jatropha avoids competition with food 
producing no-edible oil, which is not suitable for human consumption. All of these 
features makes Jatropha a valuable feedstock for biodiesel production 
(Prueksakorn & Gheewala, 2006). Jatropha crop has an oil content of 25-30% in 
seeds and 50-60% in kernel. Because of that, it is considered as one of the most 
promising feedstocks for biodiesel production (Azam, Waris, & Nahar, 2005). 
Jatropha oil is composed by mystiric, palmitic, stearic, arachidic, oleic and linoleic 
fatty acids (Achten, et al., 2008; Kumar Tiwari, Kumar, & Raheman, 2007; Patil, et 
al., 2009; Sysaneth & Duangsavanh, 2009). 
 
Worldwide jatropha production is currently still in a development phase, although a 
number of experiences have been successful demonstrated its use as a biodiesel 
feedstock (Kumar & Sharma, 2008; Kumar Tiwari, et al., 2007; Patil, et al., 2009). In 
a number of countries such as Peru and Nicaragua, jatropha is been promoted as 
a tool for rural development. Most of these projects have been implemented in 
marginal and waste lands in order to avoid food and land competitions (Schut, et 
al., 2010). The obtained results so far have been diverse, in Mozambique there are 
a number of successful plantations still producing jatropha oil but other initiatives 
have been abandoned by farmers due to bad performance of jatropha and the lack 
of knowledge on appropriate agricultural practices to keep this crop (Schut, et al., 
2011). In Mali, Tanzania, Zambia and India, "jatropha systems" has been 
developed to bring energy support to rural communities along with soil erosion 
control and soil improvement. This systems have explored value addition to 
jatropha, (e.g soap production and alternative uses of seed cake to increase its 
economic viability) (Brittain & Lutaladi, 2010; Nazia, 2010). Nonetheless, all of 
these experiences still showing a need to gain better understanding on the 
agronomic aspects of the crop otherwise its low productivity is a main obstacle to a 
profitable farming jatropha. The national Peruvian government and the local 
governments in the Amazon region have been supporting research and 
development activities in jatropha. The development of a technology package for 
jatropha production is still under development. Current efforts are focused on an 
agricultural parameter definition, aimed to design technological packages, which 
allows meet industrial requirements for this crop. In Colombia, Jatropha is also 
being developed as complement feedstock to oil palm for biodiesel Production. The 
main project has been lead by CORPOICA (Plataforma Jatropha Colombia), 
aiming to develop knowledge about planting jatropha in Colombia and reduce the 
economic uncertainties of this plantation.  This platform is being created based on 
international experiences and studying the agro-ecologic requirements to adapt 
this plant to Colombian soils. First experiences are been developed in Guajira, 
Vichada, Meta and Cundinamarca  (L. Campuzano, 2010).  
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The conventional method for biodiesel production from jatropha and other seed oils 
with high free fatty acids content, includes four main stages: oil extraction, pre-
esterification, transesterification and purification (M.J Haas, 2006; Ma, Clements, & 
Hanna, 1998). These four processing stages could be condensed to only three 
stages by means of an integrated extraction-conversion process which might 
reduce the production cost and/or energy consumption. This sort of configuration 
allows performing in-situ milling, oil extraction, esterification and transesterification 
(Shuit, et al., 2010a). In this sense, efforts have been addressed to develop this 
technology (hereafter oil-extraction-reaction) and its potential to reduce the energy 
consumption has been highlighted (Kaul, Porwal, & Garg, 2010; Shuit, et al., 
2010a, 2010b). Although the last referred authors named this configuration as 
reactive extraction, this definition is better applied to process involving 
simultaneous reaction and separation of liquid phases in a single unit where phase 
separation can occur either naturally in the reactive system or induced by solvent 
addition as it was analyzed by (Luis F. Gutiérrez, et al., 2009) and (Dussan, 
Cardona, Giraldo, Gutiérrez, & Pérez, 2010). Therefore, the configuration 
considered throughout this chapter is named: oil-extraction-reaction. Here, it was 
designed, simulated and compared the conventional process to the oil-extraction-
reaction process for biodiesel production from jatropha seeds. The results obtained 
were analyzed according to their technical performance, environmental impacts 
and exergy losses.  
 
In this chapter two echelons were included. First, it was considered two routes for 
biodiesel production from jatropha: Conventional and a new method known as oil-
extraction-reaction. Second, Biodiesel production was integrated into a sustainable 
biorefinery configuration, with 1,2 propanediol, syngas, bioheat and bioelectricity 
production,  in order to increase the profit margin and the use of feedstocks. 
6.2 Process description 
6.2.1 Conventional process with extraction 
The conventional process (see Fig. 6-1) has two key stages: oil extraction and 
biodiesel production. In first stage, crude oil is extracted from Jatropha curcas L. 
seeds whose total oil content is ranging over 35-40%, and kernels are around 55-
60% (Benge, 2006). The extraction process starts with a drying step at 60 °C, 
afterwards seeds are separated from the peels using a 2 hp cracking machine 
(100–120 kg seeds per hour) and milled reducing their particle size, which makes 
easier the further press extraction. Crude Jatropha Oil (CJO) is then extracted with 
a 5 hp screw press (12.2–20 L oil per hour) in a three-stage process, and the 
remaining press filter cake is centrifuged in order to extract additional oil. The 
resulting CJO contains oil, free fatty acids and proteins. This stream is washed with 
hot water (90°C) and proteins are removed. The achieved extraction yield varies 
from 30-60%.  
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Biodiesel production from CJO is composed by 4 stages: pretreatment, reaction, 
purification and refining. First of all, CJO must be purified using filtration to remove 
pigments, particles and other impurities. In addition, If the water contained in the 
crude oil is higher than 0.06%, it must be dried (Che Man, et al., 1999). The CJO is 
then esterified in order to remove free fatty acids and to avoid undesirable 
saponification reactions, which cause catalyst consumption, yield reduction and 
difficult the further purification of biodiesel. The remaining triglycerides in CJO 
stream are converted to methyl esters (biodiesel) by a transesterification reaction. 
In this stage, triglycerides contained in the jatropha oil react with methanol (in 
presence of sulphuric acid) and produce methyl esters and glycerin in a mass ratio 
of 10:1. Biodiesel purification is performed by vacuum distillation to recover the 
non-reacted methanol and then washed with water at 50 °C to separate methyl 
esters from glycerin (J.V. Gerpen, 2005; M.J Haas, 2006). The stream with high 
content of biodiesel is further purified to remove the catalyst excess as well as 
neutralize salts and possible soaps formed during the distillation step. Similarly, 
glycerin by-product is purified according to its final use; for example, it can be 
purified up to 80-88% (raw glycerin), 98% (technical grade glycerin) or 99.7% 
(refined glycerin for pharmaceutical uses) (John A. Posada, Naranjo, López, 
Higuita, & Cardona, 2011). 
 
Fig. 6-1 Process flow Diagram for Conventional process with extraction. 
1) Mill, 2) Filter-press, 3) Centrifuge 1, 4)Decanter 1, 5)Filter, 6)Flash 1, 7)Pre-esterification reactor, 
8)Decanter 2, 9)Transesterification reactor, 10) Distillation Tower 1, 11) Liquid-Liquid Extractor, 
12)Distillation Tower 2, 13)Flash 2, 14) Centrifuge 2, 15) Neutralization Tank, 16) Mixer 1, 17) Mixer 
2. 
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6.2.2 Oil extraction and reaction 
This configuration differs from the conventional biodiesel production process in the 
direct contact of oil-bearing seeds with alcohol (see Fig. 6-2) instead of a pre-
extracted crude oil (Shuit, et al., 2010a). Thus, oil extraction and transesterification 
reaction are performed in a single unit, where alcohol has a dual task as a reagent 
and as a solvent. Most of the works published using this technology for biodiesel 
production from Jatropha are made at laboratory scale, and it can still be 
considered as a technology under development (Lim, Hoong, Teong, & Bhatia, 
2010; Shuit, et al., 2010a, 2010b). Biodiesel production via oil-extraction-reaction 
consist of the following overall stages and operational conditions according to 
methodology proposed by (Shuit, et al., 2010b): Jatropha seeds are first milled and 
sieved to a particle size of 0.035-0.1 mm. This stage is important because larger 
seeds would trap oil in their core, making the extraction process more difficult and 
creating additional mass transfer limitations (Kasim & Harvey, 2011). Milled seeds 
are then mixed with both methanol in a ratio of 5-20 mL methanol/g seed and 
sulphuric acid as catalyst (5-30 %wt). This mixture is processed for 1-24 h at 30-60 
°C. In a third stage, the obtained mixture is filtered, and the solid cake is washed 
with recycled methanol. In the next stage, most of the remaining methanol is 
recovered via evaporation, and the other purification stages of biodiesel and 
glycerol are applied as it was presented for the conventional process. 
 
 
Fig. 6-2 Flow diagram for oil-extraction-reaction process. 
1) Mixer1, 2) Mill, 3) Reactor, 4) Centrifuge, 5)Mixer2, 6)Flash 1, 7)Distillation Tower 1, 8) Liquid-
Liquid Extractor, 9) Distillation Tower 2, 10) Mixer 3, 11) Neutralization Tank, 12)Centrifuge 2, 
13)Flash 2. 
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6.2.3 Jatropha based biorefinery 
A jatropha based biorefinery makes an integral use of feedstocks to obtain added 
value products. In this case, jatropha seeds are processed to obtain different added 
value products. First stage on this biorefinery is oil extraction, where jatropha seeds 
are milled, filtered and washed, in order to obtain a crude oil free of most solid and 
liquid impurities with high free fatty acid content (10%wt). In this stage is also 
obtained an extraction cake, which contains fibers, proteins and a remaining 
proportion of crude oil. It will be further used in the cogeneration system. 
Continuing with jatropha crude oil, it is esterified at 60 °C with methanol using 
sulphuric acid as catalyst, in order to reduce FFA content to less than 0.5%wt. This 
stage is required in order to avoid further undesirable saponification reactions.  
 
 
Fig. 6-3 General flowsheet of jatropha based biorefinery 
 A) Heat and Power Cogeneration Plant 1. Heat Exchanger (Cooler),  2. Heat Exchanger (Heater), 
4.Compressor, 5. Turbine, 6. Reactor (Combustion), 7.Reactor (Gasification), 8 Dryer, 9.HRSG 
system, 10.Steam Turbine. B) Oil Extraction Plant: 11.Mill, 12.Transportation Band, 13.Press Filter, 
14.Storage Tank, 15. Centrifuge, 16.Decanter, 17. Filter, 18.Evaporator, 19.Heat Exchanger 
(Cooler).  C) Biodiesel Plant. 20.Reactor (esterification), 21.Heat Exchanger (Heater),  22.Decanter, 
23.Storage Tank, 24. Heat Exchanger (Heater), 25. Heat Exchanger (Cooler), 26. Reactor 
(Transeterification), 27. Distillation Column I, 28.Heat Exchanger (Cooler), 29.Liquid Extraction 
Column, 30.Distillation Column II, 31. Heat Exchanger (Cooler), 32.Heat Exchanger (Heater), 
33.Heat Exchanger (Cooler), 34.Distillation Column III, 35.Heat Exchanger (Cooler), 36.Filter, 
37.Reactor (Neutralization), 38.Storage Tank, 39.Storage Tank. D) 1,2 Propanediol Plant, 40. 
Reactor (Hydrogenation), 41.Evaporator, 42.Distillation Column I, 43.Distillation Column III. 
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The generated mixture is then transesterified at 60°C with excess methanol (20:1) 
using sodium hydroxide as the catalyst. Biodiesel (methyl esters) as main product 
and glycerol as a by-product are obtained. This mixture is vacuum distilled at 0.5 
bar, recovering most of non reacted methanol by heads. It can be directly recycled 
to the transesterification unit, reducing the external methanol consumption. Bottom 
mixture is then washed with hot water in a five stages extraction tower separating 
the mixture into two phases: one light and other heavy. Light phase contains most 
of water, glycerol and sodium hydroxide salts. Heavy phase contains most of non 
converted jatropha oil and methyl esters. Last mixture is dried and purified to obtain 
high-quality biodiesel (99%wt) (Carlos A. Cardona, Rincón, & Jaramillo, 2011). 
Conversely, light phase is purified removing NaCl salts and remaining methanol; 
then this stream is diluted with water at 30%wt. This diluted glycerol is converted 
into 1,2 propanediol by a hydrogenolysis at 200°C on a copper metallic catalyst at 
an ambient pressure of hydrogen. 1,2 propanediol is first purified retiring non 
reacted H2, which  is recylced to the process. The obtained liquid stream from flash 
operation is purified using two distillation columns. In first unit, most of the water is 
retired; meanwhile second distillation column retires remaining water and non-
converted hydroxyacetone (John A. Posada, Luis E. Rincón, & Carlos A. Cardona, 
2012a). 
 
Conversely, jatropha cake is sent to biomass fired cogeneration system. This 
stream is first dried with hot air and then gasified with steam at 14 atm, generating 
syngas. A 10% of this syngas is used as fuel in a gas turbine to generate electricity. 
The low-pressure combustion gases are further used in HSRG unit where is 
generated steam at three pressure levels (130 Bar, 30 Bar and 3 Bar) required for 
biorefinery heating requirements by previous Total Site Analysis. High pressure 
steam at 130 bar steam is used in a steam turbine to generate additional electricity, 
while 30 bar and 3 bar steams directly used as utilities in biorefinery. In a final 
stage syngas remaining from gasification pass through an adsorption unit where 
the H2 required in 1,2 propanediol is recovered (see Fig 6-3). 
6.3 Results and Discussion  
6.3.1 First Echelon 
Both conventional and oil-extraction-reaction processes could produce high-quality 
biodiesel (>99 wt%) with low traces or water and FFA (<0.3%) as is required by 
international standards for biodiesel (ASTM 2003). Molar yield and conversion for 
conventional process were able to reach values of 98.7% and 89%, respectively; 
while oil-extraction-reaction reaches a molar yield of 97.04% and a conversion of 
97% (see Fig. 6-4). These results were comparable to those reported by (Koh & 
Mohd Ghazi, 2011; Lu et al., 2009) for biodiesel production from Jatropha under 
similar operation conditions (i.e., 95-99%). Similar molar yields of these two 
processes generated comparable production rates of 409.96 kg/h (conventional 
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process) and 384.40 kg/h (oil-extraction-reaction) (see Table 6-1 and Table 6-2). 
These small differences in the production rates can be explained by an extraction 
cake loss of 15 Kg/h during the oil-extraction-reaction process.  
 
Table 6-1 Results for conventional Extraction process 
 Jatropha Seed Oilseed Cake Crude Jatropha Oil 
Material Flow   kg/hr 2204,10 1051,10 1153,00 
Mass Frac    
Water 7,02% 6,98% 0,27% 
Protein 14,49% 12,14% 0,07% 
FFA 7,90% 2,14% 9,98% 
Crude Oil 46,50% 40,65% 90,63% 
Fiber 17,55% 28,38% 0,03% 
Ash 6,55% 9,70% 0,01% 
 
 
Fig. 6-4 Yield and conversion comparison for conventional with extraction and oil-extraction-reaction 
processes 
 
Table 6-2 Simulation Results for conventional with extraction and reactive extraction processes 
  Conventional with oil 
extraction 
Reactive extraction 
Materials (kg/h) 
  
Jatropha Curcas Seed 2204.10 2204.10 
Fresh Methanol 65.00 990.00 
NaOH 22.00 46.90 
Water 1400.00 505.00 
H2SO4 13.00 45.00 
Recycled Methanol (kg/h) 80.00 13817.94 
Products (kg/h) 
  
Biodiesel @>99% wt 409.68 384.80 
Glycerol @>88% wt 45.57 52.24 
Waste Water 928.06 519.62 
Na2SO4 3.90 83.16 
Oilseed Cake 1051.10 1322.07 
 Analysis of Technological Schemes for the Efficient Production of Added Value Products from 
Colombian Oleochemical Feedstocks  
 
155 
 
The results above discussed are confirmed by the environmental WAR analysis. 
The potential of environmental impact (PEI) results can be presented in two 
different forms: a) PEI generated and b) PEI outlets. PEI generation revealed how 
oil-extraction-reaction can potentially be more environmental friendly than the 
conventional process (see Fig. 6-5). In this sense, an integrated technology has a 
higher mitigation effect due to the generation of valued products from potentially 
contaminant materials. Main differences between processes are related to 
photochemical oxidation potential (PCOP) index and potential for smog generation 
that potentially can generate products and residues. This appreciation is confirmed 
with an analysis by PEI outlets (see Fig. 6-6) where only waste streams were 
analyzed. Outlet waste streams for both processes contain in general: protein, no 
converted methanol, jatropha oil, sulphuric acid and traces of biodiesel. 
Compositions of these materials change according to their location for the process. 
PEI outlets analysis reveals also a lesser PEI outlet for oil-extraction-reaction 
process. This result can be explained by the differences in quantity and quality of 
the waste-water stream of both processes. 
 
 
Fig. 6-5 PEI (Potential Environmental Impact) generated within system in conventional with extraction 
and reactive extraction processes 
 
Fig. 6-6 PEI (Potential Environmental Impact) leaving the system in conventional with extraction and 
reactive extraction processes 
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In order to include the analysis of the energy consumption, exergy and energy 
balances were considered. The useful work potential of a system at a specified 
state is known exergy. It is a system property and is associated with the state of the 
system and the environment. The exergy of thermal energy is equivalent to the 
work output of a Carnot heat engine operating between a heat reservoir and the 
environment. In this sense an exergy balance can be measured through its losses 
in the system (see equation 2). In this equation ni is the molar flow of a stream and 
ei is molar exergy; Qi, energy as Heating or Cooling incoming or outcoming to the 
system; Wsi, energy as work incoming or outcoming from the system. The exergy 
losses are a property that measures the quality of energy. Therefore, exergy losses 
can be a good indicator of system performance (Hau & Bakshi, 2004).  
 
Table 6-3 Energy and Exergy losses for simulated processes 
 Conventional process 
with extraction 
Reactive 
extraction 
Energy  (Electricity, kW) 
  
Milling, Pressing, Pumping, and Recycling 0.822 4.657 
Energy  (Heat, MW) 
  
Heating 0.222 4.658 
Cooling 0.466 6.106 
Total Exergy Loss  (kW) 44.897 36.603 
Total Input Exergy (kW) 2373.507 7845.022 
Percentage respect Total Input Exergy (%) 1.892% 0.467% 
 
In this chapter, the simulated processes have positive exergy losses meaning that 
these processes are realistic and obey the second law of thermodynamics. 
However, the conventional process destroyed more exergy per kg of biodiesel 
produced (0.110 kWh/Kg) than oil-extraction-reaction process (0.095 kWh/Kg) (see 
Table 6.3.1-3). This result shown, based on the fact of same biodiesel product 
purity, that oil-extraction-reaction process is more efficient from an exergetic point 
of view. It can be explained because the synergetic character of this integrated 
process. 
 
ELoss = ( Ʃinput ni·ei + Ʃ Qi·(1 – T0/TS) + Ʃ WSi ) - ( ƩOutput ni·ei + Ʃ Qi·(1 – T0/TS) + Ʃ 
WSi ) (1) 
 
However, from an energy consumption point of view oil-extraction-reaction process 
has higher-energy consumption than the conventional process. The first process 
needs a heating of 11.37 kWh per Kg of biodiesel, while second requires 0.54 kWh 
per Kg of biodiesel. Moreover, electricity consumption of oil-extraction-reaction was 
0.0121 kWh per Kg of biodiesel and 2.01e-3 kWh per Kg of biodiesel for 
conventional process.  The results above presented can be explained due to high 
methanol rate required for oil-extraction-reaction with a methanol/seed ratio of 16.8 
mL/g (calculated as optimum from Equation 1), which represent a flow of recycled 
methanol of 13817.94 kg/h in the industrial process. However, this value is high 
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compared to 80 kg/h recycled in the conventional process (see Table 6-3). This 
massive flow circulating through the process increases the loads of separation 
units raising consequently the energy consumption of the distillation and 
evaporation stages.  
6.3.2 Second Echelon 
Results of this Biorefinery indicates, that from 1 kg of jatropha seeds can be 
produces per hour 0.153 kg of Biodiesel, 0.068kWh of electricity, 0.35 kg of syngas 
and 0.021 kg of 1,2 propanediol. These values indicates that this feedstock can be 
used in the production of added value products besides biodiesel obtained in 
conventional process.  
 
Table 6-4 Main features of mass and energy balances on jatropha based biorefinery 
Oil Extraction plant: Jatropha Curcas L. 
Jatropha Seeds (kg/h)   6578.95 
Composition 
a.b 
Humidity: 6.2%. Protein: 18%. Oil: 38%. Carbohydrates: 17%. 
Fiber: 15.5% Ash: 5.3% 
Oilseed Cake (kg)   5578.95 
Composition 
a.b 
Humidity 7.31%. Proteins: 21.3%. Oil: 26.89%. Carbohydrates: 
20.05%. Fiber: 18.28% As: 6.25% 
Crude Jatropha Oil 5% FFA (Kg) 1000 
Biodiesel Plant 
Other Feedstocks(kg/h)   Energy (Electricity, kW)   
Methanol 214.75 Methanol pumping 0.015 
NaOH 9.6 Oil pumping 0.218 
H2O 1400 Methanol Recycle 0.011 
H2SO4 0.01 Separation pumping 0.187 
Products (kg/h)   Reactors Agitation 0.268 
    Biodiesel @>99 (%wt) 1009.7 Total (kW) 0.698
    Glycerol @>33 (%wt) 560.39 Energy  Heat (MW)  
    Waste Water 942.77 Heating 0.981
Na2SO4 17.03 Cooling 0.837 
    1,2 Propanediol Plant 
Materials(kg/h)   Energy (Electricity, kW)   
Glycerol @33% wt        560.39  Feed pump Glycerol 0.028 
H2 Fresh     1,742.71  H2 Recycle 1.218 
Products (kg/h)   Energy  Heat (MW)   
1,2 Propanediol@99wt        134.44  Heating          0.109  
Waste Water        457.55  Cooling          0.093  
Source: 
a,b
Calculated from (Akintayo, 2004; Patil, et al., 2009) 
 
An in-depth analysis of each individual plant on this biorefinery (see Table 6-4), 
reveals how mechanical extraction has a yield around 20%, value close to 
extraction yield reported by (Akintayo, 2004). Consequently, biodiesel yield 
obtained was 78%. This value is within the range reported for jatropha by 
(Sivaprakasam & Saravanan, 2007). One of the advantages of process presented 
on this Biorefinery is the low external methanol consumption due to the internal 
recycle schemes considered. Hydrogenolysis of Glycerol allows to increase the 
added value of this byproduct generating 1,2 propanediol with a yield of 96%. 
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Table 6-5 Comparison of energy requirements for biorefinery before and after heat integration. 
 Biorefinery 
Consumption with heat 
integration network 
Biorefinery 
Energy 
Consumption 
Heating Utilities (MW) 0.623 1.089 
Cooling Utilities (MW) 0.891 0.932 
Total Area of Heat Exchangers (m2) 168 187 
Number of Shells 28 11 
Capital Cost (USD) $                  151,031 $           447,384 
Operating Cost (USD/h) $                    99,218 $             76,452 
Annual Cost (USD/Year) $                  143,644 $           208,053 
 
The use of Aspen Energy Analyzer allows performing a TSA of jatropha biorefinery 
using a white box approach, identifying overall heating requirements as whole and 
calculating values after heat integration using pinch methodology (see chapter 3). 
Table 6-5 compares the heat requirements of the biorefinery before and after 
integration. The obtained results revealed how this configuration generates a 
reduction of 46% in heating and 4% in cooling requirements. Moreover, savings of 
64,409 USD/year in annual costs were achieved. The utility requirements of 
biorefinery were calculated based on above integrated system (see Table 6-6), 
these values were added to the electricity consumption rates. All these 
requirements were defined as the target parameters of the cogeneration system. 
 
Table 6-6 Target utilities for cogeneration system 
Name Inlet T [C] Outlet T [C] Target Flow Rate [kg/h] 
LP Steam@3 Bar 125.00 124.00 1449.00 
Hp Steam@60 Bar 400.00 399.00 851.48 
 
Table 6-7 Main results of BIGCC system 
 Value  Value 
Input Flows to cogeneration systems (kg/h) Gas Temperature (°C) 
Jatropha Cake Feed 5578.95 Flue Gases@60 Bar  1687 
Syngas 
(H2: 21.2%. CO: 1.6%. CO2: 12.8% CH4: 
17.2%) (%Mol) 
10275.44 Inlet Flue Gas @1 Bar  1102.3 
Air for combustion  4800 Outlet Flue Gas @ 1 Bar  254.4 
Steam for Gasification  6000 Heat  Generated (MWh) 1.80 
Electricity Generated (kWh) Steam Generated (kg/h) 
Gas Turbine 370 High Pressure @ 60 bar  852.00 
Steam Turbine 76 Low Pressure @ 3 bar 1450.00 
 
 
 
The biomass fired cogeneration system from jatropha cake use this residue, 
allowing generate high rates of syngas. The gasification of jatropha cake with 
steam allows to obtain a syngas with ratios H2:CO of 13.875 and H2:CO2 of 1.65. 
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These values indicate that H2 required by 1,2 propanediol process can be covered. 
Moreover, it indicates that due high proportion of CH4 this syngas is able to be 
directly used as fuel. The CO content indicates a potential for methanol production 
and its derivatives as was stated by (HM Associates Inc., 2003) and (Balat, et al., 
2009). The 10% of syngas produced is used in the gas turbine section and the heat 
steam recovery generator is able to cover 100% of heat and power requirements of 
the biorefinery, generating 445 kWh of additional electricity as is summarized in 
Table 6-7. 
 
 
Main results of economic evaluation of jatropha based biorefinery are summarized 
in Table 6-8. Production cost of biodiesel (0.62 USD/L) was slightly higher than 0.6 
USD/L for biodiesel from edible oils reported by (Chisti 2007) and  lower than 
values for single production of jatropha based biodiesel (0.78-0.81 USD/L) reported 
by (Peters and Thielmann 2008; Zílio, Liddell et al. 2008). The obtained results 
prove being competitive compared to conventional feedstocks. These results are 
obtained because jatropha seeds are used as feedstock, reducing raw material 
costs; moreover, due to the cogeneration system cover all heating requirements 
utility cost is also reduced. However, in this case operative charge and capital cost 
are increased by oil extraction plant. Production cost of 1,2 Propanediol (0.100 
USD/L) were lower than 0.268 USD/L reported by (John A. Posada, et al., 2012a), 
due that in this case cost of raw material is zero and heating cost are also covered 
by cogeneration system.   
 
With relation to cogeneration system integrated into gasification system it has a 
production cost of 0.035 USD/kWh. These values are agreed with 0.03 USD/kWh 
reported by (Gustavsson and Madlener 2003) for a similar cogeneration system. 
The addition of all production costs, allows obtaining an annualized production cost 
of 13,170,013 USD/year.  (Munck, 2004) state that "The economic success of a 
biorefinery should not be judged upon the basis of individual products, but on the 
integrated total output from a flexible diversified production". In this sense, 
diversified production of this biorefinery,  based on current commercial sale prices 
of biorefineries products reported by (Fedebiocombustible, 2012b) and (ICIS 
pricing, 2011a) was calculated as 20,121,009 USD/year.  This combined potential 
allows to achieve an annual profit margin of 54% indicating an acceptable 
economic potential of this designed biorefinery.  
 
 
 
 
 
 
Table 6-8 Economic results of jatropha based biorefiniery 
Oil Extraction and Biodiesel Production Plant 
Annualized Cost 
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Raw Material  $ 2,904,091 Biodiesel Production (L/year) 9,255,816 
Utilities  $ 301,251 
Biodiesel Unitary Cost 
(USD/L) 
$ 0.62 
Operating Labor $ 171,360 Biodiesel  Price (USD/L) $ 1.38 
Maintenance $ 352,000 
  
Operative Charges $ 42,840 
  
Plant Overhead $ 261,680 
  
General and Administration $ 1,590,072 
  
Capital Depreciation $ 92,558 
  
Subtotal 1 (USD/year) $ 5,715,851 
  
Syngas and Heat and Power Cogeneration Plant 
 Annualized Cost  
 
Electricity Production (kWh/yr) 3,906,960 
Investments $ 6,509,967 Syngas Production (m^3/year) 162,379,551 
Fixed, Maintenance and operative 
charges 
$ 190,291 Calorific Value(MJ/m^3) $ 16.24 
Variable  $ 16,425 
Cogeneration Cost 
(USD/kWh) 
$ 0.03 
Subtotal 2 (USD/year) $ 6,716,683 Electricity Price (USD/kWh) $ 0.07 
  
Syngas Price (USD/GJ) $ 2.50 
1,2 Propanediol Plant 
 Annualized Cost  
   
Raw Material  $ 100 1,2 Propanediol (L/yr) 1,143,316 
Utilities  $ 38,249 1,2 Propanediol (USD/L) $ 0.10 
Operating Labor $ 8,346 Sale price (USD/L) $ 0.42 
Maintenance $ 7,546 
  
Operative Charges $ 9,261 
  
Plant Overhead $ 7,203 
  
General and Administration $ 21,837 
  
Capital Depreciation $ 21,952 
  
Subtotal 3 (USD/year) $ 114,494 
  
Biorefinery Total Cost (USD/year) $ 12,547,028 Estimated Sales (USD/year) $ 20,121,009 
Estimated Profit Margin 60% 
6.4 Conclusions 
In the first section of this chapter (first echelon) two biodiesel production process 
were simulated for a same jatropha seed quality and input rate. Furthermore, they 
were compared according to their energetic and environmental performances. Both 
processes could produce high-quality biodiesel (>99,9 wt%) with similar flow-rates. 
From environmental and exergetic point of views, oil-extraction-reaction process 
resulted to be more environmentally friendly. It has a low total PEI with a better 
exergy use due to its comparatively low exergy loss. However, from an energy 
consumption point of view, the conventional process has better results, due to its 
comparatively lower energy consumption (electricity and heating). This last result 
was explained based on the high-flow rates of methanol required for oil-extraction-
reaction process. It has a double use as reactant and solvent and high methanol 
consumption rates (30:1 to 60:1) required for the transesterification reaction. 
However, high loads of methanol in excess, requires also high loads of heat to 
separate it from products and high electric consumption to recycle it to the process. 
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Therefore, although oil-extraction-reaction is a technology able to reduce the 
number equipments; being environmentally friendlier with a lesser exergy 
destruction capacity, and conducting to better yields and conversions as an 
integrated process due to its synergetic effect. The possibilities of this process 
technology to be scaled to an industrial level will depend upon of the capacity of 
reducing the overall methanol use as the main cause of high-energy consumption 
rates.  
In the second echelon a biorefinery based on jatropha was studied.  In general, 
biorefineries are based on principles of process integration, where feedstocks are 
extensively used to generate different added value products, and diversified 
production alternatives are key for an economic success. However, a key factor on 
biorefineries design is an efficient energy usage. In this sense, heat integration is 
useful to reduce production costs, even more if the energy is provided by 
cogeneration systems. The cogeneration of heat and power based on gasification 
technologies allows to generate added value products while energy requirements 
of biorefinery are covered. All above concepts are proved in this jatropha based 
biorefinery where utility costs are highly reduced using a cogeneration system 
based on gasification. In addition, the hydrogen obtained from syngas is used as 
reactant in the glycerol conversion to 1,2 propanediol. Using a biorefinery 
configuration for biodiesel production from jatropha might help to face uncertainties 
related to using jatropha as feedstock due to the instabilities on its prices. In this 
sense increasing profit margin of this process allows to make a better use of 
jatropha feedstock with a higher resilience to changes in the oilseed market. 
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CHAPTER 7 MAIZE 
DERIVATIVES 
____________________________ 
7. Overview 
In this chapter, technical feasibility of maize ethanol production in Colombia was 
studied. An integrated dry milling process where biodiesel and Distillers Dried 
Grains with Solubles were by-products was simulated and economically analyzed 
using Aspen Plus and Aspen Economic Analyzer V7.2.  Five different production 
scenarios were considered, analyzing effects over the total production cost of 
maize ethanol. Two of those scenarios considered  partnerships between maize 
and ethanol producers, to reduce production costs and promote rural development. 
The implications of expanding maize ethanol production for ethanol exportation, 
food security and job generation were also considered. The results presented in 
this chapter can be potentially useful within the Colombian plan "PAIS MAIZ" for 
increasing maize cultivation, stable markets and overall incomes for producers. 
7.1 Introduction 
Maize is the third world largest crop after wheat and rice and the first most 
harvested cereal crop. In 2009, Maize achieved a reported world production of 818 
million tons (FAOSTAT, 2012a). Nowadays, maize is directly present in the diet of 
more than 200 million people as a breakfast cereal or dairy product and this 
consumption is growing every year (du Plessis, 2003). Maize is extensively 
employed in a number of industrial activities such as feedstock for dietary 
complements, sweeteners (syrup), biodegradable polymers and fibers (O’Gara, 
2007). The biologic composition of maize influences potential products obtained. 
Thus, maize oil is found in the germ, while starch and gluten can be found in the 
endosperm. This oil can be further processed to produce different salad oils or 
biodiesel. Starch or amylum is a carbohydrate composed by a large number of 
glucose units. Maize starch is processed and used for food (e.g., beer, ice cream 
and syrup), pharmaceutics, cosmetics and paint products, such as adhesive in the 
paper industry and as filler in pharmaceuticals. Through enzymatic processes, 
starch can be used to produce sorbic and lactic acids (Halm, et al., 2004; 
Pirgozliev, et al., 2008). It can also be employed in a large assortment of chemical 
derivatives, currently produced from petroleum such as biodegradable plastics 
(Chaudhary, et al., 2008; van Soest, et al., 1996). However, one of the most 
important uses for this grain is starch fermentation to produce ethanol. Industrially, 
almost 95% of the total ethanol produced in the U.S. is made from maize, while the 
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remaining 5% is produced from wheat, barley, cheese whey, and beverage 
residues (Solomon, Barnes, & Halvorsen, 2007).  
 
In Colombia, the fuel ethanol program is based on sugar cane, supplying most of 
the E10 (i.e., 10% blending of ethanol and gasoline) requirements of this country 
(Ó. J. Sánchez & Cardona, 2012). Since 2008, a further expansion to other 
feedstocks is being considered. Maize, cassava and sugar beet are being 
evaluated as possible options, aiming to supply both market requirements and to 
encourage rural development in certain regions affected by the violence associated 
with the use of land for cultivation of illegal crops (Winkler-Moser & Breyer, 2011). 
The mature technology of ethanol production from maize, makes it an important 
option to be considered for a further expansion of the ethanol market in Colombia. 
However, a limiting factor to develop this industry in Colombia is its high production 
cost (Colombia has low productivity no-transgenic maize used mainly for food) 
compared to ethanol from sugarcane. Therefore, it is necessary to consider 
different market alternatives to increase the income of ethanol production through a 
reduction of the total production cost. In this sense, Distillers Dried Grains with 
Solubles (DDGS) are the most commonly applied option. They are obtained during 
the dry milling process and employed as ruminant, cattle and poultry feed. In the 
United States, 25 million tons of maize DDGS were produced in 2009 (Winkler-
Moser & Breyer, 2011). This option allows an integrated production scheme where 
ethanol production residues are employed to supply dairy farmers, as is currently 
used in Brazil (The Pontal do Paranapanema region) with residues from sugar 
ethanol production (Egeskog, Berndes, Freitas, Gustafsson, & Sparovek, 2011). 
 
However, the problem of DDGS as complement of maize ethanol relies on the fact 
that it drags most of the oil contained in the maize kernel. As a result, this valuable 
oil is usually lost. Consequently, if this oil is previously extracted, the process 
economy can potentially be improved not sacrificing the DDGS, whose market 
value is related only to its protein content (Dickey, Kurantz, & Parris, 2008; Singh & 
Cheryan, 1998). Nevertheless, maize oil in wet milling processes is directly 
extracted from the isolated germs using solvents as hexane (Winkler-Moser & 
Breyer, 2011). During dry milling process this operation is performed from whole 
stillage, thin stillage or even wet distillers grains with solubles (Mueller & 
Copenhaver, 2009). According to the stage where maize oil is removed it has 
different ends. Maize oil removed before distillation results in a food-grade product, 
whereas oil removed after distillation  can be used for biodiesel production (Mueller 
& Copenhaver, 2009). In this chapter, the latter option is considered in order to 
avoid reductions on the ethanol production rates. Regarding to extraction methods, 
approximately one-third of maize oil in DDGS can be directly recovered using a 
conventional solvent extraction (Krablin, 2010). However, a patented green 
technology configuration can recover up to 75% of the maize oil during whole 
stillage purification to produce DDGS (GreenShift, 2009). 
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Integrated biodiesel processes using in-situ ethanol production has been 
considered for feedstocks such as palm oil, proving this configuration as an 
efficient and sustainable way for a combined biofuel production, where ethanol 
usage avoids requirements of petrochemical methanol (Luis F. Gutiérrez, et al., 
2009; J.A. Posada, Cardona, & Rincón, 2010). Thus, using maize oil and a small 
part of the ethanol obtained during dry milling as the feedstock for biodiesel 
production, leads to an integrated and sustainable process. However, it must be 
considered that not necessarily a process integration brings an immediate effect on 
the overall process economy. The magnitude of this effect depends on the 
integration scale, market conditions or the impact on the process of underlying 
issues related to feedstocks and products.  
 
In this chapter, the technical feasibility of maize ethanol production in Colombia 
was studied. An integrated scheme where ethanol, biodiesel and DDGS are 
simultaneously produced and a conventional dry milling process were simulated 
and used as base cases. These two configurations were economically analyzed 
under five production scenarios. The implications of expanding maize ethanol 
production for ethanol exportation, food security and job generation were also 
considered. 
7.2 Biodiesel and ethanol from maize dry-
milling 
The dry milling process starts increasing the moisture content of maize. Then, it is 
grinded using a hammer mill converting it into a medium-coarse to fine grind meal. 
This finely maize meal is mixed with fresh and recycled waters forming a slurry 
where pH and temperature are adjusted to 5-6 and 82-90°C, respectively. In this 
step, the slurry is hydrolyzed using an α-amylase enzyme, in order to facilitate the 
conversion of starch to dextrin. This step is known as liquefaction of starch. After a 
complete liquefaction of the starch, the mash is cooked at 30°C to kill non desired 
lactic acid, which can potentially produce contaminating bacteria. Afterwards, 
dextrin is converted to dextrose sugars in a saccarification stage using a 
glucoamylase enzyme. Then, dextrose sugars are fermented using a yeast strain 
(Saccharomyces cerevisiae) to produce ethanol and carbon dioxide. This 
fermentative mixture is also known as beer. In this stillage form, the maize protein 
and recycled waters provide nitrogen compounds absorbed by the yeast in the 
fermentation process. Fats and fiber in the fermenter remain untouched and 
concentrated as the starch is converted to ethanol. Fermentation is completed after 
40-60 hours (Eckhoff, 2004a). The output mixture of fermentation contains ethanol, 
water, protein, fiber, maize oil and carbon dioxide. This mixture goes to two 
stabilizer units where carbon dioxide is retired. However, approximately a 5% of 
ethanol is pulled with carbon dioxide, hence that it is necessary to wash this 
gaseous stream with water, in order to recover the product. This mixture along with 
that coming from the stabilizer units is distilled. Water and all solids (i.e., protein, fat 
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and fiber) are collected from the distillation base. This mixture is known as the 
whole stillage. This mixture goes to a second distillation column where azeotropic 
ethanol is obtained and base mixture is recycled to the fermentation stage. In 
order, to produce a final anhidrous ethanol an adsorption column is used to retire 
remaining traces of water. 5% of the produced anhidrous ethanol is derived to 
biodiesel production as feedstock (see Fig 7-1). 
 
 
Fig. 7-1 Conventional maize dry milling (base case) 
 
The whole stillage output from the first distillation stage of the ethanol process is 
routed to centrifugation to remove water and solubles. This is after that called thin 
stillage and contains water, fiber and maize oil. Water content is then reduced, 
using evaporators to produce a concentrated thin stillage. During this evaporation 
process, thin stillage is derivated to a pretreatment stage, where emulsions are 
broken and centrifuged to remove maize oil, which goes directly to a biodiesel 
production process. The remaining solids are mixed with solids from the 
centrifugation of the whole stillage and returned to the evaporation system where 
they are concentrated to produce distillers dried grains (GreenShift, 2009). The 
remaining mixture without oil is known as thin stillage, which is recycled to begin 
the process or concentrated in the evaporator to produce Maize DDGS.  
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The biodiesel production from maize oil is composed by four different stages: 
Pretreatment, reaction, purification and refining. If crude maize oil has a water 
content higher than 0.06%, afterwards oil must be dried. Moreover, free fatty acids 
(FFA) in maize oil are then esterified in order to avoid undesirable saponification 
reactions, which may cause undesired catalyst consumption, yield reduction and 
soap formation. The remaining triglycerides content in maize oil are next converted 
to methyl esters (Biodiesel) using a transesterification reaction with anhydrous 
ethanol and sodium hydroxide as a catalyst. The obtained biodiesel is 
subsequently purified by vacuum distilling at 0.5 bar to remove non reacted 
ethanol, which is recycled to a second distillation tower. The bottom stream is sent 
to a washing stage using water at 50°C, in a seven stages liquid-liquid extractor, in 
order to separate methyl esters from glycerin (Gerpen 2005; Haas 2006).The 
biodiesel-rich stream is purified using distillation in order to remove catalyst 
excess, neutralization salts and soaps thus obtaining a high-quality biodiesel. This 
last step results in a better smell and colour of the final product (see Fig 7.2). 
Likewise, the glycerin by-product is purified using a flash unit and a neutralization 
stage in order to produce raw glycerine (John A. Posada, et al., 2011). 
 
 
Fig. 7-2  Process flow diagram of an integrated production of maize ethanol with biodiesel and DDGS. 
 1) Mill, 2)washing unit, 3)Reactor 1(hydrolysis) 1, 4)Reactor 2 (hydrolysis), 5)Mixer 1, 6)Reactor 3 
(Fermentation), 7)Stabilizer column, 8)Flash 1, 9) Absorption Column, 10) Distillation Column 1, 11) 
Distillation Column 2, 12) Heat Exchanger, 13) and 14) Molecular Sieve, 15) Compressor 1, 16) 
Centrifuge 1, 17) Flash 2, 18) Heat Exchanger, 19)Mixer 2, 20) Centrifuge 2, 21) Mixer 3, 23) 
Compressor 2, 24)Flash 3, 25) Reactor 4 (esterification), 26) Decanter, 27) Reactor 5 
(transesterification), 28) Distillation Column 3, 29) Liquid-Liquid Extractor, 30) Distillation Column 4, 
31) Flash 4, 32)Solid Separator, 33 and 34)  Mixers 4 and 5. 
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7.3 Results and discussion 
In this section, the results will be presented at three different levels. First level 
comprises the simulation results of the integrated process for combined production 
of ethanol, biodiesel and DDGS. These results are the base to develop the further 
calculations required. In the second level, the integrated production scheme level is 
economically analyzed, making a comparison under different production scenarios. 
The final third level evaluates the implication of expanding maize ethanol 
production to export on food security and job generation. 
7.3.1 First Level: Simulation Results 
The simulation results of the integrated production process, indicates how it is 
possible to obtain anhydrous ethanol (99.5%wt), high-quality biodiesel (>99 wt) and 
DDGS (36% protein) from maize grains (see Fig 7.2). In addition, raw glycerol 
(88%wt) was obtained as a biodiesel by-product. It can potentially be employed 
after an adequate chemical treatment in pharmaceutical, chemical or ethanol 
production industries (not considered throughout this chapter).  
 
Table 7-1 Simulation results of the simultaneous production of biodiesel and ethanol from Maize 
Ethanol 
 
 Biodiesel 
Materials Kg/h Materials Kg/h 
Maize 50034.59 Thin Stillage 20891.51 
Oil Content (% wt) 3.68% Oil Content (% wt) 8.80% 
Protein Content (% wt) 8.80% Protein Content (% wt) 21.00% 
Water Content (% wt) 15.68% Water Content (% wt) 48.00% 
Sugars Content (% wt) 2.22% Others Content (% wt) 1.20% 
Fiber Content (% wt) 8.31% Fiber Content (%wt) 20.10% 
Starch Content (% wt) 61.31% 
Crude oil extracted 
from whole stillage 
1284.67 
  
FFA content (% wt) 10% 
  
Ethanol 676.4 
Yeast 52.43 NaOH 3.66 
Sulphuric Acid@ 
20%wt 
1.00 
Water 
534.27 
Process Water 16133.34 H2SO4 @98%wt 4.27 
Energy   
(Electricit
y, kW) 
Energy   (Electricity, 
kW) 
Milling 21.23 Pumping 1.3 
Pumping 5 Agitation Reactors 0.46 
Compression 2787.45     
Energy   
(Heat, 
MW) 
Energy   
(Heat, MW) 
Heating 109.08 Heating 67.83 
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The calculated production rates are summarized in Table 7-1, where main results 
of mass and energy balances are included. These results allowed calculating 
production yields of 0.45 L Ethanol/Kg Maize and 0.033 L Biodiesel/Kg Maize and 
0.554 kg DDGS/Kg Maize, with an energy consumption of 3.54 kWh/kg maize of 
heating and 0.06 kWh/kg maize of electricity. The above results were compared 
with literature. Ethanol and DDGS yields were higher than the values reported by 
Pimentel et al (2007) as 0.37 L Ethanol/Kg Maize and 0.33 kg DDGS/Kg Maize 
(Pimentel, Patzek, & Cecil, 2007). The obtained protein composition in DDGS was 
higher than the values reported by (Kim et al., 2008) (25-30%). The DDGS 
obtained in the integrated scheme had lower maize oil content thus increasing the 
relative share of the other components. Nevertheless, the protein content of the 
obtained DDGS indicates that it still can potentially be used as animal feed. 
Conversely, the yield value of Biodiesel (0.032 L Biodiesel/Kg Maize) was 
apparently low. However, if this value is re-calculated based on the extracted maize 
oil, the biodiesel production yield is increased to 1.29 L Biodiesel/kg extracted oil. 
This value is higher than yields obtained for other vegetable oils such as rapeseed, 
soybean and palm oil in approximately 1.1 L Biodiesel/kg extracted oil, reported by 
(Cushion, Whiteman, & Dieterle, 2010; C. M. Drapcho, Nhuan, & Walker, 2008). 
7.3.2 Second Level: Economic Evaluation 
At this level, five scenarios were considered to evaluate the potential sustainability 
of the proposed integrated scheme. Those scenarios were built based on current 
technologies for maize ethanol production, and two possible sources for maize as 
foremost raw material:  Internal market and partnership with smallholder-ethanol 
producers (see Table 7-2). These scenarios were then analyzed calculating the 
production cost of ethanol as main product, and how it is affected by credits from 
selling DDGS and Biodiesel.  
 
Scenario 1 is the base case of dry milling, where ethanol is commercialized as a 
single product and no by-products are recovered. Scenario 2 is based upon the 
scheme currently used by the dry milling industry in the USA, where ethanol is sold 
as the main product while DDGS and CO2 are marketed as by-products. Scenario 
3, is the base case for integrated production, here maize oil and biodiesel 
production are added to the wet milling scheme, considering the increase as the 
Cooling 85.48 Cooling 87.15 
Products Kg/h Products Kg/h 
Ethanol @99.5%wt 17160.43 Biodiesel @>99% wt 1425.22 
CO2 17247.81 Glycerol @>88% wt 170.33 
    DDGS 27744.13 
Residues Kg/h Residues Kg/h 
Waste Water 53544.35 Waste Water 6962.1 
  
CaSO4 21.09 
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production costs by capital and operation costs by the two new plant sections. For 
all above scenarios were considered that maize is bought at internal market, using 
current national average prices in Colombia. In this sense, scenario 4 was 
established considering the creation of partnerships between ethanol and maize 
producers (in Colombia smallholders mainly), to use the integrated scheme for the 
production of ethanol, biodiesel and DDGS. Finally, in scenario 5 maize producers 
have access to increased crop yields, and maize production cost can be further 
reduced. 
 
Table 7-2 Production Scenarios Considered in this work 
Scenario Technology Maize Source Products 
1 (BC) Single Ethanol Production Internal  Market Ethanol 
2 (UM) 
Conventional Maize dry milling, selling 
DDGS and CO2 
Internal Market 
Ethanol+DDGS+
CO2 
3 (IC) 
Integrated production of Ethanol, 
Biodiesel and DDGS 
Internal Market 
Ethanol+DDGS+
Biodiesel 
4 (IBCA) 
Integrated production of Ethanol, 
Biodiesel and DDGS 
Productive alliance 
smallholders-ethanol 
producers 
Ethanol+DDGS+
Biodiesel 
5 (IBCAY) 
Integrated production of Ethanol, 
Biodiesel and DDGS 
Productive alliance 
smallholders-ethanol 
producers with improved 
yields 
Ethanol+DDGS+
Biodiesel 
BC =Base Case; UM = USA Model; IBC = Integrated Base Case; IBCA = Integrated Base Case with Production Alliances; 
IBCAY = Integrated Base Case with Production Alliances and Improved Yields. 
 
 
First the production costs of the base cases: conventional dry milling (scenarios 1, 
see Fig 7-1) and basic integrated process (scenario 3, see Fig 7-2), were 
calculated and compared (see Table 7-3). The production costs, using maize at the 
internal market prices (328 USD/Ton) reported by (FAO/GIEWS, 2012). For the 
integrated process and the conventional dry milling were 0.803 and 0.678 USD/L 
ethanol respectively. The higher production costs of the integrated scheme 
compared to base case can be explained by the fact that second process has 
additional units, which increase capital and operative costs with an impact over the 
total production costs. For instance, the calculated capital cost for ethanol 
production (base case) was 295 million USD, while the capital cost of Maize oil 
extraction and biodiesel production plant was 19 million USD. Thus, the combined 
production scheme had a total capital cost of 315 million USD with a payback 
period of nine years; this means an increasing of 7% in capital costs. Nevertheless, 
this option has biodiesel as an additional product, which means that the production 
costs are higher but also the potential income.  
 
In this sense, can be seen how marketing additional by-products can reduce the 
total production cost. At this point, it was also considered the scenario 2, where the 
conventional dry milling is improved to produce DDGS and CO2. Comparing the 
total production costs of scenario 2 (USA model) and scenario 3 (integrated 
process), it can be seen how they were close 0.523 and 0.517 USD/L, respectively. 
This result is interesting since using an integrated scheme biodiesel is produced 
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from maize oil. Otherwise, this vegetable oil would be lost in DDGS. It means that 
increments in the production cost due to capital and operational expenses can be 
fully compensated by selling the produced biodiesel, no increasing the total 
production costs, but instead reducing them a 5%. However, comparing the 
obtained production costs to sugar cane based ethanol in Colombia (0.25 USD/L), 
reported in earlier works by (J. A. Quintero, et al., 2008) (see Table 7-4), it can be 
seen how despite good results, none of the scenarios 1, 2 and 3 might be 
competitive in Colombia. Therefore, it is necessary to propose additional measures 
to reduce production costs and increase competitiveness. To that end, it was 
considered the effect of raw material on total production costs. 
 
Table 7-3 Comparison of the production costs in the single and the integrated process for ethanol 
production 
 
 
Single 
Ethanol and 
DDGS 
production 
Share 
Integrated 
Process 
Share 
Raw material Cost $     0.365 68.0% $       0.377 67.5% 
Total utilities Cost $     0.050 9.3% $       0.051 9.2% 
Operating Labor $     0.004 0.7% $       0.008 1.3% 
Maintenance $     0.028 5.3% $       0.029 5.1% 
Operating Charges $     0.001 0.2% $       0.002 0.3% 
Plant Overhead $     0.015 2.8% $       0.016 2.9% 
General and Administrative Cost $     0.074 13.7% $       0.076 13.7% 
Total Operation Cost $     0.537 100% $       0.559 100% 
Depreciation of Capital $     0.141 
 
$       0.243 
 
     Total Project Cost (USD/L Ethanol) $     0.678 
 
$       0.803 
 
 
 
Table 7-4 Comparison of Maize and Biofuel industries in Colombia and the United States 
 Colombia United States 
Maize Production 
Maize Average Yield (Ton/ha)
a
 5.3 9.59 
Harvested Area (Ha)
b
 12,110 32,960,400 
Maize Commercial Prices (USD/Ton) 328.02
c
 146.98
d
 
Maize subsidies (USD/Ton)
e
 Not Apply $ 105.69  
   Biofuel Production Costs (US$/L) 
Ethanol $       0.25
f
 $     0.365-0.40
h
 
Biodiesel $       0.44
 g
 $           0.98
 i
 
Sale Price (US$/L) 
Ethanol $      1.280
 j
 $         0.789
 l
 
Biodiesel $      1.330
 k
 $         1.478
 m
 
DDGS and CO2 N/A $         0.116
 n
 
a,b
Yield and Harvested area at 2010, source: (FAOSTAT, 2012a) 
c
Average Colombian prices of Barranquilla and Bogotá yellow maize, source: (FAO/GIEWS, 2012) 
d 
International Prices, USA: Gulf Maize (US No. 2, Yellow), source: (FAO/GIEWS, 2012) 
e 
Subsidies for Maize  production as direct payments and crop insurance premium, calculated based on values reported 
by: (Crago, et al., 2010; EWG, 2010) 
f
Sugar Cane based Ethanol, source: Cardona et al. 2010 (C. A. Cardona, et al., 2010) 
g
Palm oil  based Biodiesel, source: CONPES,2008 (CONPES, 2008) 
h
Maize based Ethanol,average value from Pimentel, Patzek et al. 2007, Szulczyk, 2010 and Crago, Khanna et al. 2010 
(Crago, et al., 2010; Pimentel, et al., 2007; Szulczyk, McCarl, & Cornforth, 2010) 
i
Soybean based Biodiesel, source: Szulczyk, 2010(Szulczyk & McCarl, 2010) 
j,k
 Source: Fedebiocombustible, 2012 (Fedebiocombustible, 2012b) 
l,m
 Source: ICIS pricing, 2011 (ICIS pricing, 2011a) 
n
 Source: Plani, 2008 (Plain, 2008) 
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In Table 7-3 is shown how the share of raw material on total production costs is 
about 68% for both processes. As long as non-maize feedstocks such as yeast, 
catalysts, water, etc, have a lower participation on raw material costs, it can be 
stated that maize price is the main factor to determine the total production cost of 
ethanol from maize. Comparing the production costs calculated for ethanol 
production in scenarios 1, 2 and 3 with values reported in United States as 0.37-0.4 
USD/L (including subsidies) (Kwiatkowski, McAloon, Taylor, & Johnston, 2006; 
Szulczyk, et al., 2010) as the most important world referent on maize ethanol 
production. It can be seen that values obtained for production costs in Colombia 
are higher than values in USA. This can be explained due to differences on the 
commercial prices of maize due to variations in production yields and harvested 
areas of both counties, which affect the supply and market (see Table 7-4).  
 
In Colombia, the commercial price of maize is 320 USD/Ton (FAO/GIEWS 2012), 
while in the United States, this value range between 142.8-178.4 USD/Ton (Plain, 
2008; N. B. Smith & Smith, 2011). Moreover, USA crop insurances and other 
subsidies are paid by this government to maize produces as was reported by same 
Crago et al. (2010) and Environmental Working Group (EWG) (EWG, 2010). All 
these factors contribute to reduce the production cost of maize in the USA, but also 
affect the internal market of each country.   
 
From above results, it can be seen how changes in production (schemes) and raw 
material yields (production costs) have a positive impact over the ethanol 
production costs and its economic viability. Therefore, it can be stated that 
development of an integrated production of ethanol and biodiesel from maize in 
Colombia will be affected by production costs, market and production yields of 
maize. At the moment, Colombia is not self-sufficient on maize production. During 
2011, local production reached a value of 688.600 Ton, while the internal 
consumption was 4,053,223 Ton. This fact means that remaining 3,419,711 Ton 
were imported, mostly from Mercosur Markets. Due to this situation, at 2011 
Colombian government launched the plan "PAIS MAIZ", as an initiative to reduce 
foreign maize dependence, increase food security, as well as to improve 
production and yield (MINAGRICULTURA, 2011). This plan was addressed to 
increase cultivated area and yield of maize from 137,720 Ha and 5 Ton/ha at 2010 
to 250,000 Ha and 6 Ton/Ha in 2014. This production will increase the production 
of 1,500,000 Ton of maize. The first stage of the plan "PAIS MAIZ" was successful 
increasing planted area of maize a 24% reaching 170,000 Ha (Vanegas, 2012). 
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Fig. 7-3 Major regions of maize production in Colombia considered in this chapter. Costa Atlantica: 
Atlantic Coast, Piedemonte: Foothills, Altillanura: High Plains, Tolima Grande: Greater Tolima. 
 
 
Table 7-5 Comparison of the production costs of maize in different Colombian regions 
 
 
Mid Country 
(Tolima 
Grande)
a 
Eastern Country 
(Llanos 
Orientales-
Altillanura)
b 
Eastern Country 
(Llanos 
Orientales -
Piedemonte)
c 
Northern 
Country (Costa 
Atlantica)
d 
National 
Average 
      Land Preparation $ 121.27 $     70.58 $      105.95 $   170.37 $ 117.04 
Planting $   22.76 $     74.42 $        49.65 $     39.46 $   46.57 
Crop general labor $ 124.36 $   103.93 $      236.21 $   120.32 $ 146.21 
Harvesting $ 119.28 $   106.82 $      177.89 $   107.42 $ 127.85 
Agricultural supplies 
Costs 
$ 530.18 $   756.59 $   1,015.42 $   471.50 $ 693.42 
Miscellaneous 
Expenses 
$   23.93 $            - $        64.03 $     20.61 $  27.14 
Sowing and 
Transportation 
$     0.69 $      3.89 $          5.98 $       3.56 $    3.53 
Land Lease $ 195.63 $   160.93 $      132.97 $   187.50 $ 169.26 
General and 
Administrative Cost 
$   28.27 $    33.49 $        49.65 $     28.00 $   34.85 
Technical 
Assistance 
$   47.12 $    11.40 $        13.46 $     20.46 $   23.11 
Fuel Consumption $           - $      7.25 $        31.30 $            - $     9.64 
Unforseen Expenses $           - $    55.81 $        82.76 $     46.67 $    46.31 
Maize Production 
Cost (USD/Ha) 
$   1,213 $    1,385 $        1,965 $     1,216 $    1,445 
Yield (Ton/Ha) 4.30 5.38 5.82 5.71 5.30 
Maize Production 
Cost (USD/Ton) 
$      282 $       257 $          338 $        213 $         273 
Source: 
a,b,c,d 
Sistema de Información de precios del sector agropecuario - Ministerio de Agricultura y Desarrollo Rural, Colombia (SIPSA, 
2010a, 2010b, 2010c, 2010d) 
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Fig. 7-4 Decomposition of the ethanol production costs under different scenarios 
 
The production increasing of the plan "PAIS MAIZ" will be driven trough improving 
growing conditions of maize with better varieties, use of fertilizers, and good 
production practices. In addition, according to data reported by CORPOICA 
(Corporacion Colombiana de Investigación Agropecuaria), in Colombia are being 
produced new hybrid varieties of maize with increased crop yields such as FNC 
155, FNC 114 or Palmira H-262, last able to reach a crop yield even of about 10 
Ton/Ha (F. Campuzano & Navas, 2010).  Based on this strategy to develop the 
maize production in Colombia, it can be stated that in the future higher crop yields 
can be achieved, and consequently, production costs can be reduced. Table 7-5, 
summarizes the current production costs of maize in four representative Colombian 
regions (see Fig 7-3), reported by the Agricultural and Livestock information prices 
system (Sistema de Información de precios del sector agropecuario) (SIPSA, 
2010a, 2010b, 2010c, 2010d). It can be seen the effect of high crop yields on 
production costs, reducing them except for the Piedemonte region, where limited 
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access to agrochemical supplies and the requirement of diesel fuel plants to 
provide energy, boost the production costs.  
 
Based on above considerations the scenarios 4 and 5 were built, in order to 
analyze the effect of changes on maize cost on final production cost of the 
integrated process. In scenario 4, the creation of partnerships between ethanol and 
maize producers, allowed to obtain total production cost of 0.484 USD/L, achieving 
a 28% reduction compared to scenario 1 (base case). This agreement allows to all 
members the increase of their income become more competitive and gain access 
international markets. It allows to ethanol producers avoid middlemen, gaining 
access to reduced maize costs with continues and stable supply. Meanwhile, the 
maize producers will be provided by a market and price stability. Moreover, under 
this production scheme, raw material costs are not affected by market avoiding one 
of the main uncertainties associated with biofuel production. Finally, in scenario 5, 
considering that maize producers have access to better technical production 
conditions, adequate training, access to financial and other inputs improve their 
production yields and reduce their total production costs. Thus, maize yield can be 
increased to 9.59 Ton/Ha (maize can achieve yields up to 13 Ton/Ha), while the 
maize production cost is reduced to 150.67 USD/Ton. Last reduction allowed 
obtaining the lowest production costs among all the above considered scenarios 
(0.336 USD/L). Therefore, a 50% reduction in the total production costs compared 
to scenario 1 was achieved. This result can be explained by the 43% reduction in 
the costs of raw materials, which affects the overall process economy. Scenario 5 
is the ideal win-win situation, where all the parts of partnership are able to increase 
their potential income with the best production conditions (Fig.7-4). 
 
 
Fig. 7-5 Comparison of changes in ethanol production costs in Colombia and in the USA with and 
without subsidies. 
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7.3.3 Third level: Exportations, rural development 
and food security implications  
Using the proposed integrated scheme can be annually produced 100 Million Liters 
of Ethanol and 16.4 Million Liters of Biodiesel. Based on these values and the 
obtained total production costs, two possibilities can be considered to market these 
products.  The first possibility considers using potential maize ethanol production to 
supply the internal Colombian market demand. Currently, Colombia is producing 
approximately 340 million liters per year of ethanol and is planning to increase 
current blending levels of ethanol and gasoline from E8 to E14. This expansion will 
require reaching an annual production rate of 595 million of Liters in 2014. 
However, the main competitor of maize ethanol industry is sugar cane, which is a 
well-established industry in Colombia. Indeed, it is believed that the sugar cane 
industry will be able to cover all the Colombian sugar and ethanol production 
demand in the future (Fedebiocombustible 2011). Moreover, the production costs 
of ethanol from sugar cane (0.2153 USD/L) (J. A. Quintero, et al., 2008) are lower 
than the values obtained in this chapter in the best scenario. Consequently, 
development of an ethanol industry based on maize would be limited unless 
production costs at least equal than sugar can be achieved. 
 
The second possibility is to export all ethanol productions to a well-established 
market for maize ethanol, such the United States. This option has been considered 
as a tool to develop biofuel based industry in different countries. An example of this 
option was developed in Southern Africa assessing possibilities of creating new 
exportation markets for ethanol produced from sugar cane and sweet sorghum 
(Johnson & Matsika, 2006). Since beginning of 2000, the ethanol production in the 
United States has been quadrupled. Consequently, the United States  has become 
the worlds leading maize-based ethanol producer due to an expanding market and 
demand (O’Gara, 2007). First, due to initiatives to use ethanol as fuel oxygenate 
replacing Methyl Tertiary Butyl Ether MTBE (Abbassian, et al., 2006). Then, ethanol 
use was promoted by the Renewable Fuel Standard (RFS) with a mandatory of 
28.35 million m3 in 2012 and later increasing this mandate under the Energy 
Independence and Security Act (EISA) of 2007. Indeed, current EISA-RFS 
mandates have a production target 136 million m3 of biofuels in 2022 (Crago, et al., 
2010) (see Table 7-6).  
 
However, despite that the United States has a great potential for ethanol 
production and a market promoted by a strong legislation, this industry is affected 
by two factors. i) the ethanol demand is growing at a higher rate than its production. 
According to data reported by (OECD-FAO, 2011), in 2020 the ethanol demand will 
be 10 million m3 higher than its production. Regardless of the advances in 
cellulosic ethanol production, almost 95% of the ethanol in United States uses 30% 
of the total maize produced (Crago, et al., 2010; Dwivedi, Alavalapati, & Lal, 2009; 
Solomon, et al., 2007), the remaining ethanol requirements need to be imported. ii), 
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the ethanol industry in this country is affected by subsidies. In the beginning, to 
introduce ethanol as a large-scale transportation fuel, the production costs were 
lowered to the same level of gasoline. Consequently, different incentives as tax 
credits for both ethanol and biodiesel were created to encourage blenders and 
producers to use these alternative fuels (Ling & Aden, 2011) (see Table 7-6). 
However, these subsidies are causing controversy because of their magnitude. For 
instance, during 1995-2010 it was paid as different type of subsidies, aids and 
market assistance approximately USD 80,698,975,462 only for maize production 
(EWG, 2010), and for ethanol at 2007 were held aids of 0.135 USD/L for E10 and 
0.113 USD/L for E85 (Plain, 2008). However, these subsidies and aids have started 
to expire since December 31 of 2011 or the end of fiscal year 2012 (Yacobucci, 
2012). Therefore, it is necessary to supply a growing internal demand, importing 
ethanol with the same quality standards and production costs than the current 
values of the internal industry (including subsidies which still apply), in order not to 
affect prices to the end consumer. Moreover, EPA's regulation of Fuels and Fuel 
Additives: 2012 Renewable Fuel Standards, encourages maize ethanol production 
integrated to maize oil extraction as an advance technology. Although biodiesel 
produced under the integrated scheme used throughout this chapter is not 
considered as renewable fuel, maize ethanol produced with this advanced 
technology is included by EPA as renewable fuel. Consequently, it would be able to 
be used to cover USA production targets (EPA, 2011). 
 
Based on the above statement, the five production scenarios of maize ethanol 
were compared with an average production cost (without subsidies) for maize 
ethanol in USA (0.65 USD/L), reported by (Crago, et al., 2010; Pimentel, et al., 
2007; Szulczyk, et al., 2010). With this production costs and values of subsidies 
reported by Plain (2008) (0.135 USD/L E10 and 0.113 USD/L for E85) the 
production costs for these two blending levels were calculated (Plain, 2008) (see 
Fig. 7-5). As a result of this calculation, it is evident how the total cost of maize 
ethanol produced in Colombia in scenario 2 (USA Model) could be lower than the 
subsidized E85 and how further scenarios (3-5) can potentially increase profit 
margins trough reductions in production costs even for the integrated process with 
no improved maize (scenario 3). These results indicate that the most profitable 
scenario is to export Colombian maize ethanol produced on an integrated scheme 
planted with improved yield varieties by partnerships of maize and ethanol 
producers. In the same way, for the United States it might be an interesting option 
to have access to low cost ethanol with the same quality than that produced in its 
internal market to help the coverage of their internal demand. Furthermore, the 
potential benefit of scenarios 4 and 5, can also be measured by their impact on 
rural development in Colombia. In job generation under these two scenarios, for an 
annual ethanol production of 100 million Liters, and Job Indexes in Colombia 
reported by (Bochno, 2010). Maize Ethanol production can potentially generate 
more than 12,813 employments on the agricultural fields and biofuel production 
factories. This value is higher than jobs than 2,000 generated by sugarcane 
ethanol, but slightly lower than 13,333 jobs potentially generated by cassava 
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ethanol. Above feature can be highly important to complement incentives in the 
substitution of cultivation of illicit to licit crops as part of the anti-drug program in 
Colombia financed by the USA called "Plan Colombia." In fact, rural development 
alternatives which generate employment and grant a market for their products, give 
incentives to farmers hence creating competitive economic opportunities. 
 
Table 7-6 Summary of Federal programs which support and promote biofuels industry in United States, 
adapted from (Yacobucci, 2012) 
Federal Program Administrator Expiration Date Establishment Act Description Biofuel 
Renewable Fuel 
Standard (RFS) 
Environmental 
Protection Agency 
(EPA) 
None 
The Energy Policy Act of 2005 and expanded by the 
Energy Independence and Security Act of 2007 
Mandated use of renewable fuel in gasoline: 
4.0 billion gallons in 2006, increasing to 36 
billion gallons in 2022. 
Ethanol and 
Biodiesel 
Volumetric 
Ethanol Excise 
Tax Credit 
 Internal Revenue 
Service 
December 31, 
2011 
The American Jobs Creation Act of 2004, modified by 
the Food, Conservation, and Energy Act of 2008, further 
amended by the Energy Improvement and Extension 
Act of 2008, extended by the Tax Relief, Unemployment 
Insurance Reauthorization, and Job Creation Act of 
2010  
Gasoline suppliers who blend ethanol with 
gasoline are eligible for a tax credit of 45 cents 
per gallon  (0.11 USD/L) of ethanol. 
Ethanol 
Small Ethanol 
Producer Credit 
 Internal Revenue 
Service 
December 31, 
2011 
The Omnibus Budget Reconciliation Act of 1990, 
extended by the American Jobs Creation Act of 2004, 
expanded by the Energy Policy Act of 2005,   amended 
by the Energy Improvement and Extension Act of 2008, 
extended by the Tax Relief, Unemployment Insurance  
Reauthorization, and Job Creation Act of 2010.  
An ethanol producer with less than 60 million 
gallons 
Ethanol 
per year in production capacity may claim a 
credit of 
10 cents per gallon (0.026 USD/L) on the first 
15 million gallons produced in a year. 
Biodiesel Tax 
Credit 
 Internal Revenue 
Service 
December 31, 
2011 
The American Jobs Creation Act of 2004, extended by 
the Energy Policy Act of 2005,amended  by the Energy 
Improvement and Extension Act of 2008 , extended by 
the Tax Relief, Unemployment Insurance  
Reauthorization, and Job Creation Act of 2010 
Producers of biodiesel or diesel/biodiesel 
blends may 
Biodiesel 
claim a tax credit of $1.00 per gallon (0.264 
USD/L) of biodiesel. 
Small Agri-
Biodiesel 
Producer Credit 
 Internal Revenue 
Service 
December 31, 
2011 
The Energy Policy Act of 2005,  amended by the 
Energy Improvement and Extension Act of 2008, 
extended by the Tax Relief, Unemployment Insurance 
Reauthorization, and Job Creation Act of 2010. 
An agri-biodiesel (produced from virgin 
agricultural 
Biodiesel 
products) producer with less than 60 million 
gallons per year in production capacity may 
claim a credit of 10 cents per gallon ( 0.026 
USD/L)on the first 15 million gallons produced 
in a year 
Alternative Fuel 
Station Credit 
 Internal Revenue 
Service 
December 31, 
2011 
The Energy Policy Act of 2005, extended by the Energy 
Improvement and Extension Act of 2008, expanded by 
the American Recovery and Reinvestment Act, 
extended by the Tax Relief, Unemployment Insurance 
Reauthorization, and Job Creation Act of 2010. 
A credit of up to $30,000 is available for the 
installation of alternative fuel infrastructure, 
including E85 pumps 
Ethanol 
Feedstock 
Flexibility 
Program for 
Producers of 
Biofuels (Sugar) 
Commodity Credit 
Corporation (CCC) 
None The Food, Conservation, and Energy Act of 2008 
Authorizes the use of CCC funds to purchase 
surplus 
Ethanol 
sugar, to be resold as a biomass feedstock to 
produce bioenergy 
Biomass Crop 
Assistance 
Program (BCAP) 
Farm Service 
Agency (FSA) 
End of Fiscal Year 
2012 
The Food, Conservation, and Energy Act of 2008 
Provides financial assistance for biomass crop 
Ethanol and 
Biodiesel 
establishment costs and annual payments for 
biomass 
production; also provides payments to assist 
with costs for biomass collection, harvest, 
storage, and transportation 
Rural Energy for 
America Program 
(REAP) 
Rural Business-
Cooperative Service 
(RBS) 
End of Fiscal Year 
2012 
The Food, Conservation, and Energy Act of 2008 
Loan guarantees and grants for a wide range 
of rural Ethanol and 
Biodiesel 
energy projects, including biofuels. 
Biomass 
Research and 
Development 
National Institute of 
Food and Agriculture 
(NIFA) 
End of Fiscal Year 
2012 
The Biomass Research and Development Act of 2000, 
program extended and mandatory appropriations 
provided by the Farm Security and Rural Investment Act 
of 2002, program extended and funding authorization 
expanded by the Energy Policy Act of 2005, significantly 
modified by the Food, Conservation and Energy Act of 
2008. 
Grants for biomass research, development, 
and 
Ethanol and 
Biodiesel 
demonstration projects 
Import Duty for 
Fuel Ethanol 
U.S. Customs and 
Border Protection 
(CBP) 
December 31, 
2011 
The Omnibus Reconciliation Act of 1980, amended by 
the Tax Reform Act of 1986,  extended by the Tax 
Relief and Health Care Act of 2006, further extended by 
the Food, Conservation, and Energy Act of 2008, and 
the Tax Relief, Unemployment Insurance  
reauthorization, and Job Creation Act of 2010. 
All imported ethanol is subject to a 2.5% ad 
valorem tariff; fuel ethanol is also subject to a 
most-favor ednation added duty of 54 cents per 
gallon (O.142 US$/L)(with some exceptions) 
Ethanol 
 
In relation to food security implications of using maize for ethanol production in 
Colombia, based on the results of this chapter.  It can be calculated the maize 
requirements for an annual production of 100 million Liters Ethanol. According to 
calculated ethanol production yield (0.45 L Ethanol/Kg Maize), it would be required 
221,325 Ton Maize per year to cover this consumption. This value can be 
compared to maize required for human consumption. It is calculated based on 
values reported by FAOSTAT of direct consumption of maize in Colombia as 42 
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Kg/per Capita (FAOSTAT, 2012b), and using a population value of 44 million of 
inhabitants. As a result, the estimated requirement of maize for human 
consumption reaches 1.8 million Ton per year and the share of maize biofuel 
industry would represents a 12% of value required for human consumption.  
However, in Colombia most of the internal consumption of maize is addressed to 
animal feed industry (75%) (Vanegas, 2011). As long as, the integrated production 
of ethanol and biodiesel from maize also generates important rates of DDGS as 
animal feed it classified as part of it. Consequently, most of the impact of 
developing a biofuel industry based on maize in Colombia would be addressed to 
the animal feed industry rather to a direct competition with human food 
consumption. Additionally, due to the participation of the production scheme 
proposed in this chapter is addressed to be included within animal feed sector, the 
share of maize required for biofuel industry it would be 5.5%. Consequently, it is not 
expected that this industry has an important effect on internal maize price. 
7.3.4 Environmental analysis 
The integrated configuration for the simultaneous production of ethanol and 
biodiesel was finally analyzed according to its potential environmental impact. First 
the system was assessed not considering biodiesel and ethanol as potential 
products (see Fig 7-6). This Figure shows how under these conditions the 
integrated system for ethanol and biodiesel production obtains an overall reduction 
on PEI. This means that under this condition the system mitigates obtaining the 
higher reductions on toxicological categories (HTPI, HTPE, and TTP). However, 
the global atmospheric categories (PCOP and AP) are affected by the gases 
formed during the incomplete combustion (i.e. NOx, SOx, and CO). The integrated 
production of ethanol and biodiesel has high energy consumption, which must be 
provided using external energy sources given this process has low production of 
biomass residues. In this sense the fossil fuel employed to provide energy to this 
process increase emissions and impacts on atmospheric categories.  
 
Fig. 7-6 generated within system per mass of product no products included 
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An additional analysis was performed including the effect of products (i.e biodiesel 
and ethanol). In this case the system continues generating the same reductions on 
toxicological categories and acidification potential (AP) (see Fig 7-7). However, the 
PCOP category is increased. This situation can be explained due to the ethanol 
combustion produces many of the products of incomplete combustion (above 
mentioned (Lowi & Carter, 1990). This feature leads to a significantly larger 
photochemical reactivity that generates much more ground level ozone, and 
explains the high impact on PCOP category. 
 
Fig. 7-7 generated within system per mass of product products included 
7.4 Conclusions 
One of the most generalized statements on biofuels production is that they can 
only be economically sustainable through government assistance programmes. 
However, this fact subordinates the expansion and growing of this industry to 
interest and requirements of politicians (at least in Colombia). Hence, the challenge 
of creating economically sustainable production schemes and technologies is 
fundamental. One way is combining improvements in transformation processes and 
the agricultural production of maize. The results of this chapter indicate that it is 
technically possible to produce ethanol and biodiesel from maize using an 
integrated process, and how under certain conditions, costs can be reduced to 
compete in international markets without subsidies. Using process integration 
allows the achievement of the best operation levels with an improved usage of raw 
materials and the generation of added value products such as biodiesel. Moreover, 
if better maize varieties and improved agronomical practices are used, increased 
yields will be obtained and the production costs will be reduced. It was found that 
the best economic option for maize ethanol production in Colombia is based on 
associations of maize producers even with low yields using integrated processing.  
 Production rates achieved under the integrated configuration used in this chapter 
and under the best scenarios can help to transform Colombia into an exporter of 
maize ethanol. This can only be achieved if high efficiency in agricultural production 
and transformation processes are reached. In this sense, the natural market for 
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maize ethanol produced in Colombia is the United States. For this country, it can 
be strategically beneficial to import maize ethanol from Colombia, due to its high 
internal demand and present policy of dismantling subsidies, which potentially 
affect the expansion of its own ethanol industry. The strong relationship between 
Colombia and the United States boosted by the current Colombia Trade Promotion 
Agreement (TPA) can facilitate the entrance of Colombian maize ethanol to the 
USA market.  
 
Currently, Colombia is not producing enough maize to cover the requirements of a 
biofuel production from maize. However, the industrialization of maize for the 
combined production of ethanol, biodiesel and DDGS, using the alliances 
smallholders-commercial producers proposed in scenarios 4 and 5 can be 
considered as an additional way to support the plan "PAIS MAIZ". Currently, this 
plan is offering different aids to smallholders such technical assistance, commercial 
alliances, and price stability, added to the promotion programs of combined 
production with crops such as palm, tobacco and coffee or direct alliances with the 
animal feed sector.  In this sense, these associations might provide to maize 
producers (mainly smallholders) incentives to increase maize production, quality 
and potential income generation. While, for ethanol producers, working along with 
smallholders can help them access to sufficient quantities and quality of feedstock 
and reduce final biofuel production cost.  Moreover, the increasing on income of 
smallholders grants them a higher income. Thus, in practical terms, they are not 
consuming their own maize production but with additional and stable money earn, 
they have access to a better living conditions, quality food and opportunities. In this 
way food, security can be also promoted trough rural development. 
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CHAPTER 8 CASTORBEAN AND 
MICROALGAE DERIVATIVES 
_________________________________________________ 
8. Overview 
A green biorefinery (including the green chemistry and engineering concepts) 
should integrate first, second and third generation of feedstocks with different the 
families of products (biofuels, bioenergy, biomaterials, natural and specialty 
chemicals and food products). In this chapter, the green biorefinery concept is 
applied for the combined production of polyol, biodiesel, Ethylenglycol, omega-3 
acid, methanol, heat and power from castor beans and microalgae feedstocks. 
Moreover, castor cake and microalgae paste are used to feed a biomass fired 
system (BIGCC), where part of the CO2 produced in flue gas is captured and 
employed as the substrate to growing more microalgae. The biorefinery was 
simulated using Aspen Plus Software V. 7.1 and subroutines. The economic 
analysis was performed using Aspen Process Evaluator package, the energy 
assessments used Aspen Energy Analyzer, and the environmental impact was 
assessed with the Waste Reduction Algorithm (WAR) to estimate the Potential 
Environmental Impact (PEI). The final biorefinery design was analyzed, in order to 
perform mass and heat integrations. The results of mass integration demonstrate 
that the requirement for fresh water is only needed for CO2 capture and to 
complement the supply of the HRSG system. This water is fed to generate the 
steam used to provide heat for the process. The results of heat integration 
demonstrated that using a DTmin of 23° for the optimal design the heat exchanger 
network is able to recover 35 MW trough process-process exchanging. This 
reduced external requirements for heating and cooling to 19 MW and 35 MW 
respectively. Furthermore, the heat exchange network can supply the 70% of the 
total heating requirements. The economic results revealed that a configuration 
using combined mass and heat integration and cogeneration as the best design, 
the production cost can be reduced in a 68% compared with the option that only 
uses internal mass integration. Finally, the environmental analysis indicate a 
generation of potential environmental impacts. However, most of these categories 
can be controlled trough specific improvements in the process such as using a 
water-treatment system.  
8.1 Introduction 
The concept of biorefinery is analogous to that of oil refinery, which fractionates 
biomass into a family of products, including biofuels, biomolecules and natural 
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chemicals, biomaterials and food products that conserve food security (Demirbas, 
2009a; Lyko, Deerberg, & Weidner, 2009; J.A. Posada, L.E. Rincón, & C.A. 
Cardona, 2012). Depending on the physical and chemical nature of the raw 
materials as well as on the economic interest, its yields and distributions vary 
widely. However, the term biorefinery could be extended to other sectors at the 
industrial scale, if products that can be obtained from vegetable raw materials and 
foodstuffs are included (King & Hagan, 2010). Sustainable multiproduct 
biorefineries should focus on larger portions of biomass that will produce multiple 
streams with large volumes and lower sale prices (e.g. biofuels) and streams with 
low volumes and higher sale prices (e.g. biomolecules) (Cherubini & Ulgiati, 2010). 
Castor oil is composed by triglycerides with unique molecular structure containing 
naturally hydroxyl groups and unsaturation. This feature makes this a raw material 
with potential applications in different oleochemical industries such as lubricants, 
surfactants and polyols production. Although castor oil can be used to produce 
biodiesel, but its high viscosity and flash point limits its pure application (Marta M. 
Conceição et al., 2007). In addition, other added value applications can generate a 
major income than biodiesel. On the other hand, Microalgae are the most primitive 
form of plants. They have a huge range of genetic diversity and can exist as 
unicellular plants, colonies or extended filaments. Microalgae grow under the 
widest possible variety of conditions (Chisti, 2007). These microscopic aquatic 
plants, carry out the same process and mechanism of photosynthesis as higher 
plants converting sunlight, water and carbon dioxide into biomass, lipids and 
oxygen (Alabi, et al., 2009; Bart, et al., 2010). Nevertheless, they have more 
efficient access to water, CO2 and other nutrients due to their simpler cellular 
structure and  high specific surface area (Vasudevan & Briggs, 2008). A microalga 
with high oil productivity is desired for the production of biodiesel. Depending on 
the species, microalgae produce different kinds of lipids, hydrocarbons and 
complex oils (Bart, et al., 2010). 
 
In previous chapters it was shown how biorefineries can be used in integrated 
production configurations with useful options to produce added value products from 
oleochemical feedstocks. All the designs were based on maximize the number of 
products and income obtained from a single raw material. However, they still 
require improvements regarding to their competition with food or emissions 
produced during cogeneration of heat and power. In this sense, it would be useful 
to integrated not only technologies, but also feedstocks in order to establish 
sustainable biorefineries. In previous works (C.A. Cardona, et al., 2011) have stated 
that a green biorefinery (including the green chemistry and engineering concepts) 
should integrate first, second and third generation of feedstocks with different  
families of products (biofuels, bioenergy, biomaterials, natural and specialty 
chemicals and food products). In this chapter, the green biorefinery concept is 
applied for the combined production of polyol, biodiesel, Ethylenglycol, omega-3 
acid, methanol, heat and power from castor beans and microalgae as feedstocks. 
Moreover, castor cake and microalgae paste are used to feed a biomass fired 
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system (BIGCC), where part of CO2 produced in flue gas is captured and 
employed as the substrate to growing more microalgae. 
Finally, profit margins of three scenarios are compared (see Fig. 8-5). Scenario 1 
has a negative profit margin indicating that under this configuration the designed 
biorefinery is not economically sustainable, mainly due to high energy 
consumption. Meanwhile, for scenarios 2 and 3 profit margin has been increased 
by an energy management using Heat Integration and cogeneration technologies, 
achieving positive profit margins. Comparing scenarios 2 and 3, the reduction in the 
dependence on external energy sources can increase the potential profit margin, 
and the potential investment is compensated due to a reduction in production costs 
and increased incomes. 
8.2 Process description 
This biorefinery was designed to combine castor beans and microalgae into an 
integrated approach to produce the higher number of possible added value 
products. In this sense, different plants are integrated by mean of outlet streams 
used as feedstocks in other plants, acting as an internal mass integration 
according to the methodology defined by (C.A. Cardona, et al., 2011). In addition, a 
central cogeneration plant provides energy as heat and electricity to the entire 
biorefinery. Fig. 8-1 represents the flow sheet diagram of this biorefinery. This was 
drawn differently than those shown in previous chapters to highlight the integration 
streams and the relation among different processing plants. In follow sections each 
plant of this biorefinery is explained. 
8.2.1 Castor Oil Extraction and Polyol Production 
This feedstock has seeds with a high oil content (46-55%), and most of its oil can 
be easily extracted using mechanical extraction. Collected castor beans are first 
milled. The obtained mash is pressed in a 3 stage extractor removing a first oil 
stream. Meanwhile, extraction cake is centrifuged in order to remove additional oil. 
The extraction oil obtained is then washed with hot water (90°C) and filtered to 
remove liquid and solid impurities. This process has a recovery efficiency of 80%. 
The obtained crude castor oil contains 96% of triglycerides, the remaining part is 
composed by FFA, and proteins. Then crude castor oil streams goes to polyol 
production plant. In a first stage castor oil triglycerides are hydrolyzed to free 
ricinoleic acid and glycerol under 50 Bar and 250 °C. Second stage is the 
epoxidation and ring opening reactions, where ricinoleic acids reacts with H2O2 
(30%wt) using acetic acid as a catalyst at 60°C, obtaining a solution of epoxidized 
ricinoleic in acetic acid. After that, this mixture is stirred at 100°C, performing the 
ring opening reaction. The obtained mixture is then decanted, the lower phase 
contains acetic acid, water and non-converted H2O2. In order to avoid poisoning 
the homogenous catalyst acetic acid is neutralized using sodium hydroxide. This 
salt is then filtered and non-converted H2O2 is recycled to process after a 
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concentration process to (30%wt) evaporating water. In the meantime, the upper 
phase is esterified at 180°C with glycerol with ZnO (25%wt) as the catalyst. The 
obtained mixture is filtered to recover the catalyst and then washed with methanol 
at 50°C. Upper phase is then distilled obtaining pure polyol (Glycerol 1-(9,10,11-
trihydroxyoctadecanoate)). Bottoms phase is also distillated recovering methanol 
and glycerol.  
8.2.2 Biomass Fired cogeneration system 
Extraction residues: castor cake and microalgae paste are used to feed a 
cogeneration system based on biomass gasification in a configuration known as 
BIGCC (Biomass Gasification Combined Cycle Cogeneration). In this system heat, 
power, hydrogen and methanol are produced. Extraction residues are first dried 
and then sent to a reaction chamber, where biomass is gasified with high pressure 
steam 60 Bar and 350°C. This configuration allows obtaining syngas (54% H2, 
20% CO, 27% CO2 and 0.9% CH4) with H2/CO ratio of 2.7, useful for methanol 
production. Nevertheless syngas still having enough H2 content to recover it and 
using in other biorefinery sections. Consequently, the obtained syngas stream goes 
to a Isothermal Lurgi Reactor, with a catalyst bed of CuO(60%)-ZnO(20%)-
Al2O3(10%). The reaction is carried on at 300°C and 60 Bar, with a conversion 
rate of 40%. Resulting high pressure steam mixture stream is passed through a 
gas turbine where 2.9 MW of electricity are generated and pressure is reduced to 1 
bar. Produced Methanol (6,2414 L/h) goes to a distillation train where it is purified 
and gas components (H2, CO, CO2, O2, N2) are recovered. Part of methanol is 
used to cover requirements of biorefinery, while remaining fraction is marketed. 
Gasification gases goes to a gas turbine system, where they are adiabatically 
burned with excess of compressed air (60 Bar). Combustion reaction is controlled 
with air flow rate, fuel flow rate or a combination of both as recommends Balat et al. 
(2009) (Balat, et al., 2009). The pressurized gases generated at 1844°C and 60 Bar 
are then passed through a turbine where its pressure is reduced generating 
additional 11.6 MW of electricity. The resulting stream has lower pressure and 
temperature (970 °C and 1 Bar) and it is used for steam generation in a Heat 
Recovery Generator System (HRSG). In HRSG system, hot gas stream from gas 
turbine is used to generate steam at three different pressure levels (507 K) 3 Bar, 
(648 K) 60 Bar and (684 K) 100 Bar). These levels were defined according to 
utilities requirements for the different process include in the biorefinery, with 
additional high pressure level (100 Bar) employed in a steam turbine for additional 
electricity generation (1.7 MW). Afore mentioned hot gas stream exchanges heat 
until its temperatures is enough low (10 °C) to pass to CO2 capture zone. The flue 
gas is first compressed and then boiled trough water at 20 Bar in order to recover 
26% of CO2, according to the model proposed by (V. Mahalec, 2010). This stream 
is used for microalgae cultivation section. 
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Fig. 8-1 Biorefinery based on Castor beans and microalgae. 
 A) Heat and Power Cogeneration Plant: 1. Heat Exchanger (Cooler),  2. Heat Exchanger (Heater), 
3. Heat Exchanger (Heater),  4.Compressor I, 5. Turbine I, 6. Reactor (Combustion), 7.Reactor 
(Gasification), 8 Dryer, 9.HRSG system, 10.Steam Turbine, 11. Absorber, 12. Compressor II, 13. 
Heat Exchanger (Heater). B) Methanol Production Plant: 14.Reactor (Methanol synthesis), 
14.Compresor II, 16. Distillation Column I, 17. Distillation Column II, 18. Heat Exchanger (Heater), 
C) Ethylene Glycol Plant: 19. Heat Exchanger (Cooler), 20. Distillation Column III, 21. Distillation 
Column IV, 22. Heat Exchanger (Cooler), 23. Flash, 24. Reactor (Ethylene Glycol synthesis), 25. 
Compressor III, 26. Heat Exchanger (Heater). D) Microalgae Cultivation: 27. Reactor (Photoreactor), 
28. Filter, 29. Dryer, 30. Absorber, 31. Distillation Column V. D) Biodiesel Plant: 32. Distillation 
Column VI, 33. Mixer, 34.  Heat Exchanger (Heater), 35. Reactor (Transsterification), 36. Heat 
Exchanger (cooler), 37. Distillation Column VII, 38. Heat Exchanger (Heater), 39. Liquid Extraction 
Column, 40. Distillation Column VIII 41. Reactor (Neutralization),, 42. Centrifuge, 43. Distillation 
Column IX, 44. Ionic Exchange Resin. E) Polyol Plant:  45. Distillation Column XI, 46. Flash, 47. 
Decanter, 48. Filter, 49. Reactor (Esterification), 50. Filter, 51. Decanter, 52. Reactor (Ring 
Opening), 53. Reactor (Epoxidation), 54. Reactor (Hydrolysis). F) Castor Oil Extraction: 55. Mill, 56. 
Transportation Band, 57. Filter Press, 58.Mixer, 59. Decanter , 60. Filter, 61. Flash. 
8.2.3 Biodiesel production from oil extracted from 
Microalgae Chlorella Vulgaris 
Microalgae Chlorella Vulgaris is cultivated using a photoreactor. This configuration 
uses as the substrate the stream of water with CO2 recovered in cogeneration 
section. This stream is fed with additional nutrients required for microalgae growing 
into a photoreactor with a biomass recycle ratio of 0.12, which guarantee the 
required residence time (24 h). The obtained stream is first centrifuged, and then is 
dried in order to obtain biomass with lower moisture content (12%wt). This biomass 
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is treated with hexane extracting triglycerides and free fatty acids. Remaining 
extraction paste contains proteins, fiber, hexane and oil and is used as fuel in the 
cogeneration system. The mixture oil-hexane is distillated to recover solvent (top 
column) and crude microalgae oil (bottoms column). 
 
After biodiesel production, microalgae oil is separated using distillation from 
Omega 3-acids as a high commercial interest product. Remaining refined oil is then 
mixed with fresh sodium hydroxide and methanol for biodiesel production. Then, 
reaction mixture is sent to the transesterification reaction unit, which operates 
isotermically at 51°C, converting 99% of microalgae oil triglycerides. After that, 
methanol is recovered using a vacuum distillation column at 0.5 Bar. Bottoms 
product, contains methyl esters, glycerin and catalyst. It is washed using pure 
water in a liquid-liquid extractor of 6 stages, obtaining two streams. First stream is 
rich in glycerin and the remaining catalyst. Therefore, this stream must be first 
neutralized using phosphoric acid 85% and dried before obtaining crude 
glycerol(88%). This product is sent to a distillation tower to recover methanol (Top). 
The bottoms product is recovered using an ionic exchange resin obtaining glycerol 
USP grade (99.7% wt). Conversely, second stream from liquid-liquid extractor is 
rich in methyl esters, it is distillated in a 6 stages tower to recover non converted 
oil, obtaining final product biodiesel (99%). In addition, sodium phosphate is 
obtained as neutralization salts, which can also be marketed. 
8.2.4 Ethylene glycol production 
In this process, glycerol reacts at 200°C and 50 Bar with hydrogen obtained from 
BIGCC process, using Pt/C and sodium hydroxide at 0.8 M as the catalyst 
according to the methodology proposed by [14]. The obtained mixture is first 
stabilized using a flash unit to remove non-converted hydrogen. A byproduct of this 
reaction is methanol. Consequently, reaction mixture goes to a distillation train 
where non-converted glycerol is recovered and recycled, while methanol byproduct 
is mixed with the transesterification reaction stream of the biodiesel process, to be 
purified and recovered in its vacuum distillation unit. Meanwhile, after distillation 
train high purity ethylene glycol (99%wt) is obtained. 
8.3 Results and Discussion 
Castor Oil industry in Colombia is still under development with different efforts to 
establish initially an oil extraction industry and create a market for this commodity. 
Meanwhile, in Colombia and in the world Microalgae are being evaluated as 
feedstock for green biorefineries due to its less intensive land requirements. 
However, there are still problems for its escalation at industrial level, mainly due to 
high energy consumption of oil extraction stages. In this sense, it is clear how any 
approach involving microalgae oil should include alternatives to supply this 
required energy, in order to increase the competitiveness of this feedstock. The 
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biorefinery developed in this chapter considered above features in its design. 
Consequently, the discussion will be addressed more to evaluate the performance 
of the proposed biorefinery, than to include and discuss local production features 
as it was developed for palm oil and maize approaches in previous chapters. In this 
sense, the methodology approach used in this chapter is slightly different than that 
developed in previous chapters. This is done in order to include the mass and 
energy integration analysis of the proposed biorefinery, as well as the relationships 
among the different processes which composed this biorefinery. 
8.3.1 Simulation Results 
Table 8-1 Main streams for Castor oil extraction plant, microalgae cultivation and oil extraction plant 
and polyol plant 
Castor Oil Extraction Plant 
Microalgae cultivation and Extraction 
Plant 
Polyol Plant 
Materials Kg/h Materials Kg/h Materials Kg/h 
Castor beans 4,983 CO2 58,943 Castor Oil (95%wt) 2,159 
Moisture(%) 0.7% Water 1,065,338 NaOH 68 
Protein(%) 18.7% Oxygen 3,531 Water 150 
Oil(%) 54.2% Nitrogen 3,974 H2O2 30(%wt) 930 
Fiber(%) 23.9% Hexane 4,309 Acetic acid 100 
Ash(%) 2.6% 
  
Methanol 200 
FFA 129 
  
Glycerol (99%wt) 
Recov. 
550 
Water 8,098 
    
Energy (Electricity) KW Energy (Electricity) KW Energy (Electricity) KW 
Pumping 0.348 Pumping 0.50 Pumping 0.23 
Milling 0.016 Photoreactor(lighting) 0.64 Reactor 3.49 
Pressing 0.439 Pressing 1.55 
  
Energy (Heat) MW Energy (Heat) MW Energy (Heat) MW 
Heating 0.173 Heating 61.18 Heating 2.82 
Cooling 0.337 Cooling 18.58 Cooling 3.73 
Products Kg/h Products Kg/h Products Kg/h 
Castor Oil (95%wt) 2,159 Microalgae Oil 16,206 Polyol (99%wt) 3,246 
Castor Cake 2,284 Microalgae Paste 17,664 Sodium Acetate 137 
Waste Water 9,443 Omega 3 Acid (95%wt) 1,129 Waste Water 333 
  
Flue O2 (88%wt) 40,074 
  
 
Technical results related to the production rates and yields are summarized in 
Tables 8-1 and 8-2, where biorefinery products are gray highlighted, while internal 
streams are green highlighted. Firstly, Castor oil is mechanically extracted 
recovering the 80% of the oil contained in castor beans (0.43 Kg/Kg Castor Beans). 
This extraction rate is favored by high oil content in seeds making easier its 
recovering. The Obtained crude castor oil contains a 5% of free ricinoleic acid. 
However, due to it is unique chemical features it can be considered as noble oil 
with higher added value application than just transform it into biodiesel and burn it. 
In this way, polyester polyol production comprises a way to take advantage of the 
natural qualities of triricinolien (Hydroxyl groups, unsaturation). In this process is 
obtained a high-quality polyol (0.65 Kg/Kg Castor Beans) using different reactions, 
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where final step uses glycerol (99%wt) recovered from microalgae biodiesel plant. 
At the same time, castor cake is added to microalgae paste to feed BIGCC plant. In 
a first step, these biomass residues are gasified with steam yielding syngas (1.25 
Kg/Kg Biomass Residues) (see Table 8-3). This syngas stream is then used to 
produce methanol (0.43 Kg/Kg Biomass residues). The obtained methanol is split 
into three different streams: First for biodiesel production (53%) , second for polyol 
purification (2%) and third to be marketed. (45%) During the purification of 
methanol, part of the non converted H2 is recovered to be used in ethylene glycol 
plant. The remaining non-converted gases are recovered and used in the 
cogeneration system to generate heat and electricity (3.82MJ/Kg biomass 
residues). Furthermore, the steam utility requirements are generated in this system 
according to the targets provided by the heat integration network explained later.  
 
Table 8-2 Main streams for Biodiesel Plant, Ethylene Glycol Plant, Gasification and methanol plant 
Biodiesel Plant Ethylene Glycol Plant Gasification and Methanol Plant 
Materials  Kg/h Materials  Kg/h Materials  Kg/h 
Microalgae Oil   16,206  Glycerol (99%wt)         7,616  Microalgae Paste        17,664  
Methanol    4,801  Hydrogen            180  Castor Cake          2,284  
Water    5,500  
  
Air      704,877  
NaOH       500  
  
Water   3,364,221  
Energy (Electricity) KW Energy (Electricity) KW Energy (Electricity) KW 
Pumping      1.48  Pumping           0.43  Pumping             155  
Reactor    19.52  Reactor           4.99  Compressor          2,903  
  
Compressor           6.66  
  
Energy (Heat) MW Energy (Heat) MW Energy (Heat) MW 
Heating    11.19  Heating           5.40  Heating        142.66  
Cooling    21.72  Cooling           2.03  Cooling          80.11  
Products  Kg/h Products  Kg/h Products  Kg/h 
Biodiesel (99%wt)  16,316  Ethlyene glycol (99%wt)            699  Methanol (99%wt)          8,672  
NA3PO4       997  Methanol (96%wt) Recov.            362  Hydrogen             180  
Ionic Resin Waste         92  Waste Water         5,770  Water-CO2 (3%wt)   1,964,771  
Waste Water 5770 
    
Glycerol (99%wt)    7,616  Glycerol (99%wt) Recov.         1,748  Flue Gas      152,135  
 
Part of the cold gases obtained after the steam generation are used to recover 
CO2 diluted in water. This stream, used as the substrate in microalgae cultivation 
allows to obtain Microalgae Oil (95%wt) after the extraction process. This oil along 
with methanol from gasification is used to produce high-quality Biodiesel (1.01 
Kg/Kg Microalgae Oil) and Glycerol (0.47 Kg/Kg Microalgae Oil). Biodiesel product 
is directly marketed, while pure glycerol obtained is used in polyol (13%) and 
ethylene glycol (87%) plants. In addition, during glycerol purification, Na3PO4 is 
obtained as neutralization salts (0.06 Kg/Kg Microalgae Oil), this product can also 
be marketable as a food additive. Finally, glycerol and H2 from methanol plant are 
used to produce high-quality glycerol (0.23 Kg/Kg Glycerol). 
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Table 8-3 Main Energy generation results of cogeneration plant 
 
Value 
 
Value 
Inputs Cogeneration System (kg/h) Gas Temperature (°C) 
 
Castor Cake 2,284 Combustion Gases (60 Bar) 1,844 
Microalgae Paste 17,664 HRSG Temperature (°C) 
 
Syngas Produced (H2: 53.8%, CO: 20%, 
CO2: 27.1% CH4: 0.9%) (%wt) 
24,846 Hot Gas (1 Bar) 970 
Combustion Air 704,877 Flue Gas (1 Bar) 10 
Gasification Steam 327 Total Heat Generated  (MW) 949 
Electricity (MW) 
 
Total CO2 Captured 13% 
Gas Turbine I 11.6 Steam Generated (kg/h) 
 
  Gas Turbine II 2.9 MP Steam 52,069 
Steam Turbines 9.34 LP Steam 38,007 
8.3.2 Mass Integration 
The internal mass integration in this biorefinery is carried out using products 
obtained in the biorefinery such as Methanol and glycerol. Then, Non-converted 
streams are recycled to the purification points in their respective plants. Last 
contribute avoiding losses of this added value products. However, water is a 
feedstock obtained from external sources and its management is an environmental 
concern. Therefore, it is necessary to develop a mass integration strategy to reuse 
as much as possible this water. In this chapter, it is used the strategy proposed by 
(M. El-Halwagi, 2006; M. M. El-Halwagi & Manousiouthakis, 1989).  
 
Table 8-4 Water mass integration results 
Unit 
Number 
      59 28 38 36 
  
    Sources   
Castor Oil 
Extraction 
Microalgae 
Cultivation 
Glycerol 
Purification 
Esterification 
Washing 
  
  Sinks 
 
Purity Waste 
Stream 
 (%)                                             
95.00% 99.20% 95.00% 84.00% 
 
    Available Waste (Kg/h) 8,602 1,048,758 5,770 92   
    
Purity 
Required 
(%) 
Water 
Required 
(kg/h) 
Recycled from 
 Fresh 
Feed 
Required 
(Kg/h) 
59 
Castor Oil 
Extraction 
95% 8,098 
 
2,329 5,770 
 
0 
11 CO2 Capture 100% 1,000,000 
    
1,000,000 
9 
HRSG 
System 
95% 3,800,000 5,500 1,043,881 
  
2,750,619 
54 
Castor oil 
Hydrolysis 
98% 150 
 
150 
  
0 
44 
Biodiesel 
Washing  
95% 5,500 3,102 2,398 
  
0 
 
Total Waste Disposed (Kg/h) 0 0 0 92 
  
Results of this mass integration are summarized in Table 8-4. There are four water 
waste streams (Sources) able to be recycled to the process, and all of them have 
contamination loads and their purity range from (84-99.2%). Conversely, there are 
five points where it is required fresh water (sinks), but they can admit a certain 
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amount of contaminants except for CO2 capture, where it is required high-purity 
water due to resulting, stream is addressed to microalgae cultivation. Thus, 
according to the acceptable contamination loads in a waste stream, water was 
distributed among sinks. It was found that it is only required fresh water for CO2 
capture and to complement the requirements of HRSG system generating the 
steam used to provide heat to the process. On the other hand, only contaminant 
loads are too high for esterification washing, as a result these streams must be 
disposed as a waste. 
8.3.3 Heat Integration 
In the methodology chapter, it was introduced the concept of total site analysis as a 
tool to perform complex heat integration among different plants of the biorefinery. 
As it can be seen in results Tables 8.3-1 and 8.3-2 this biorefinery, particularly has 
plants with high-energy consumption rates, consequently, it is necessary to 
develop a heat integration strategy using TSA analysis in order to reduce external 
energy consumption and to establish the targets for cogeneration system. 
Analyzing the inflections points in the grand composite curve of this biorefinery 
(see Fig. 8-2), it can be seen a great potential for thermal integration in the hot 
zone (about 800 kJ/h), while in the cold zone, there is not inflections indicating that 
it is not possible to perform any integration below the pinch point. 
 
 
Fig. 8-2 Grand Composite Curve of Biorefinery 
 
The total site pinch of the biorefinery was found according to the methodology 
proposed by  (Hackl & Harvey, 2010). Sink profile is moved towards the source 
profile, where the overlapping percentage of the profiles represents the amount of 
heat recovery using heat integration, and the overlap temperature is the pinch 
point. Providing that heat integration is possible over the pinch value, it was found 
at 11°C.  
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Fig. 8-3 Total site Composite Curve (SCC) 
 
At this point Aspen Energy Analyzer was able to optimize and created the heat 
integration network. It was found that a DTmin of 23°C could minimize areas and 
total annualized costs. This design is able to recover 35 MW trough process-
process exchanging, and reduce external requirements for heating and cooling to 
19 MW and 35 MW, respectively (see Table 8-5). Optimum design allows to supply 
the 70% of total heating requirements. 
 
Table 8-5 Main features of heat integration system 
  Target Simulation 
Heating (MW) 18 223 
Process-Process Exchange (MW) 35 - 
Cooling (MW) 15 127 
Area (m2) 5,595 16,802 
Shells 115 64 
 
In addition, this optimum design allows to establish the external utility targets that 
need to be covered by the cogeneration system (see Table 8-6). The heat 
integration network must supply the heating requirements MP and LP steams. They 
are fully covered by the designed BIGCC cogeneration system (see Table 8-3). 
With relation to cooling requirements, it can be seen how part of them are covered 
generating HP steam. Although this stream is not part of cogeneration system, it 
was integrated to HP steam turbine to generate additional electricity and saving 
34.5 million USD in cooling utilities. 
 
Table 8-6 Utility streams target 
Name 
 
Inlet T 
(°C) 
Outlet T 
(°C) 
Target FlowRate 
(kg/h) 
Total Cost 
(USD/Year) 
HP Steam Generation Cooling 249 250 35,809 -$ 34,531,884 
Very Low Temperature Cooling -270 -269 839,405 $ 99,612 
Refrigerant 1 Cooling -25 -24 1,579,675 $ 6,472,042 
MP Steam Heating 175 174 37,000 $ 31,525,285 
LP Steam Heating 125 124 52,000 $ 38,264,105 
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8.3.4 Economic Evaluation 
Previous discussions regarding to heat and mass integration shown how these 
design strategies generates important reductions in external consumption of 
energy, and mass. This situation has an important effect on the economic 
performance of the biorefinery. Consequently, in this section the economic results 
are not presented sorted by plant as in previous sections. Instead, values for the 
whole biorefinery are compared according to its integration level in three scenarios. 
First Scenario is for a biorefinery where there is only internal integration of process 
streams (methanol, glycerol, etc.), and no cogeneration was included. Second 
scenario, includes internal and external mass integration as well as heat 
integration. Finally, the third includes mass and heat integration as well as 
cogeneration to supply energy requirements (sse Table 8-7).  
 
Table 8-7 Scenarios Established for Economic Evaluation 
  Internal Mass 
Integration 
Internal and External 
Mass Integration 
Heat 
Integration 
Energy provided by 
cogeneration 
Scenario 1 X 
   
Scenario 2 X X X 
 
Scenario 3 X X X X 
 
As it can be expected, production costs of Sc1 are the highest among the others 
scenarios, mainly due to the high cost related to external utilities. Thus, using 
external mass and heat integration (Sc 2), capital cost is increased due to the 
additional equipment, but it is compensated by reductions in external utilities 
requirements. This allows to achieve a reduction of 45% in total production costs. In 
Scenario 3, including the cogeneration unit, it was possible to achieve the lowest 
production costs with a reduction of 43% compared with Sc2. Again in this 
scenario, major capital and raw material investments are required, however the 
integrated production of heating utilities reduce external consumption and 
consequently its costs drastically decreased (see Table 8-8). 
 
Finally, profit margins of the three scenarios are compared (see Fig. 8-4). Scenario 
1 has a negative profit margin indicating that under this configuration, the designed 
biorefinery is not economically sustainable, mainly due to high-energy 
consumption. Meanwhile, for scenarios, 2 and 3 profit margin has been increased 
by an energy manage to use Heat Integration and cogeneration technologies, 
achieving positive profit margins. Comparing scenarios 2 and 3, the reduction in the 
dependence on external energy sources can increase the potential profit margin, 
and the potential investment is compensated due to a reduction in production costs 
and increased incomes.  
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Table 8-8 Production Costs and Potential Sales 
  Sc1 Sc2 Sc3 
  
Mass Integration 
Only 
Mass and Heat 
Integration 
Mass, Heat Integration and 
Cogeneration 
Raw material Cost $       70,879,300 $       69,379,300 $           71,855,400 
Total utilities Cost $      256,799,000 $       98,049,600 $             6,578,091 
Operating Labor $            222,640 $            222,640 $               462,833 
Maintenance $            313,000 $            313,000 $               494,718 
Operating Charges $              55,660 $              55,660 $               115,708 
Plant Overhead $            267,820 $            267,820 $               478,775 
General and Administrative Cost $       26,283,000 $       26,283,000 $          26,870,888 
Total Operation Costs $      354,820,420 $      194,571,020 $         101,742,904 
Total Project Capital Cost $         3,293,125 $          3,543,453 $             6,295,365 
Total Production Costs $      358,113,545 $      198,114,473 $         113,151,777 
Products 
 
Sale Price (USD/Unit 
Product) 
Annual Sales (USD/Year) 
Biodiesel (L/year) 148,326,136 $                  1.68 $         249,187,909 
Ethlyene glycol (Ton/year) 5,589 $           1,763.67 $             9,857,682 
Methanol (Ton/year) 69,375 $              310.00 $           21,506,382 
NA3PO4 (Ton/year) 7,979 $              350.00 $             2,792,574 
Omega 3 Acid (Ton/year) 9,029 $           1,124.34 $           10,151,726 
Polyol (Ton/year) 25,971 $           2,000.00 $           51,941,964 
Electricity(kWh/year) 192,000,000 $                  0.07 $           13,440,000 
  Sc1 Sc2 Sc3 
Total potential Sales $ 345,438,237 $ 345,438,237 $ 358,878,237 
 
 
 
Fig. 8-4 Comparison of potential incomes 
8.3.5 Environmental Analysis 
The environmental analysis was developed for the three scenarios established for 
economic analysis using EPA's WAR. The obtained results were compared in Fig. 
8-5, revealing that all scenarios are generating emissions during its processing with 
a low mitigation potential. Likewise, in Fig. 8-5, it can be seen how Scenario 1 has 
a PEI higher in all categories than scenarios 2 and 3.  This situation is explained 
due to high emissions loads in no-recovered wastes streams and high-energy 
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consumption in Scenario 1. Accordingly, it shows how an inefficient use of energy 
and inappropriate waste management has an economical and environmental 
impact on process  sustainability. 
 
  
Fig. 8-5  PEI generated within system per mass of product system for scenarios 1-3 
 
Last results revealed that the best options from an environmental point of view are 
scenarios 2 and 3. Thus, a new analysis comparing these scenarios was made in 
Fig. 8-6. These scenarios are mainly affecting two global atmospheric categories 
(i.e PCOP and AP) and two local toxicological impact categories (i.e HTPI, TTP). 
The gases formed during the incomplete combustion of the energy sources, where 
products such as NOx, SOx, and CO are being produced, affect the impact 
categories PCOP and AP. These impacts contribute to the formation of smog and 
the acidifications of soils and waters. In scenario 2, the energy is provided by an 
external source (Natural Gas), while scenario 3, the energy is obtained using a 
cogeneration system where syngas is burned. It can be seen how syngas 
combustion is more environmentally friendly than gas natural combustion, 
especially in AP category. The explanation of this result relies on the fact of natural 
gas contains H2S, while syngas no. Thus, SOx  are formed only in the energy 
production process of scenario 2. 
 
 
Fig. 8-6 PEI generated within system per mass of product system for scenarios 2-3 
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The HTPI and TTP are affected by outlet waste streams and same values were 
obtained for scenarios 2 and 3, due to the difference between these scenarios is 
the energy source and no waste-water management. However, it must be also 
considered that Fig. 8-6 analysis is including PEI of added value products of this 
biorefinery. The polyol, methanol and organic acids produced in this process 
affects human population if they are ingested, and they are toxic to the soils. Thus, 
the values obtained in HTPI and TTP categories are an alert of how these products 
must carefully be managed and transported avoiding the spillage during their life 
cycles. Moreover, for wastewater streams containing these products a water-
treatment system is required to recover any potential organic load emitted reducing 
potentially this impact.  
8.4 Conclusion 
The results obtained in this chapter indicate how a biorefinery integrating castor 
bean and microalgae is possible, generating multiple added value products and 
using in a more efficient way these feedstocks. From an economic point of view, 
these results shown how is not exact the generalized idea where process 
integration generates immediate benefits at all levels just for be integrated. 
Scenario 1 proved that the major difficulty to ensure the sustainability of a 
biorefinery is the energy management.  The high-energy consumption of this kind 
plants increased the overall utility requirements and as a consequence of the 
utilities costs.  An example of this is microalgae cultivation and microalgae oil 
extraction where high-energy consumption during purification stage has been 
extensively discussed in open literature as the drawback for its application at an 
industrial scale. In this chapter heat integration and a cogeneration technology 
have been used to reduce and provide all energy requirements of whole plant. This 
change affects the total production costs and increased the overall profit margin. 
This efficient use of energy added to mass integration strategies helped to reduce 
also the potential environmental impacts (PEI) and increase the environmental 
sustainability of this biorefinery, trough the reduction of organic loads in waste 
water streams. Nevertheless, the WAR analysis is also warning about how added 
value products with an incorrect management can potentially be harmful for the 
environment. The strategies developed in this chapter shows how the best strategy 
to develop a biorefinery based on combined feedstocks (microalgae and 
castorbean) can take advantage of the strategic combination of this feedstocks to 
produce added value products. This combination of feedstocks brings a synergetic 
behavior which helps to solve one of the main problems of microalgae biodiesel 
production, while part of emissions of CO2 are used for its cultivation reducing 
global GHG emissions. 
 
In synthesis, this chapter showed how it s possible to have biorefinery based on 
this feedstocks, provided that mass and heat integration strategies be used. In this, 
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sense these results should be considered for the expansion of these oleochemical 
feedstocks in Colombia revealing a path for its large-scale commercialization. 
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CHAPTER 9 TOOLS 
DEVELOPED 
________________________________________________________________ 
9. Overview 
In this chapter are presented two tools (BIOTA and ExACT-BIOTA) aimed to the 
techno-economic and environmental evaluation of Biofuels.  These tools were 
developed in a jointly effort with FAO-Rome and were applied as part of PENTA 
methodology in Tanzania and Peru. BIOTA provides an analysis of biofuel 
production costs based on the selection of parameters for agricultural crop 
production and biofuel processing, ranging from low to advanced 
technology/processing options. BIOTA has been developed in Visual Basic 
Environment. ExAct-BIOTA integrates two tools Ex-Act and BIOTA, ExAct-BIOTA 
has been developed in Microsoft Excel, in order to integrate accurately Ex-Act and 
Biota. This tool was used to calculate the GHG emissions generated during  the 
production chain of two biofuels (Ethanol and Biodiesel), including most of the main 
emissions sources present during its processing, which affects the final accounting 
of a biofuel. These calculations allowed indentifying if a given biofuel (Biodiesel or 
Ethanol), produced with certain agricultural practices, industrial technologies and 
using different transport means (to move feedstocks and products) can reduce the 
GHG emissions compared to conventional fossil fuels. 
9.1 Introduction 
An additional work developed in this thesis was addressed to create tools, which 
helps to evaluate biofuel projects from techno-economic and environmental points 
of view. The principles of these tools were supported on the Process Engineering 
for Environmental and Techno-economic Analysis (PENTA) methodology. This 
methodology has been developed by the Chemical, Catalytic and Biotechnological 
Processes Research Group (PQCB) at the National University of Colombia at 
Manizales. PENTA comprises many of the features that help to identify the biofuel 
production systems that are technically adaptable and economically viable for 
commercialization under the African situation. The methodology was designed to 
model industrial biofuel processes allowing the comparison of the alternative 
technologies for producing biofuel and yielding important results to support the 
decision making process on biofuel development in the country. PENTA was based 
on scientific rigorous modern process-engineering tools including a commercial 
process simulator, Aspen Plus, in conjunction with special software designed by 
the PQCB group, which allows analyzing specific stages of the industrial 
production process, i.e. fermentation and distillation. The technical tools are 
complemented with information from literature and secondary sources which is of 
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particular importance for both setting up the scenarios for biofuel production and 
for carrying out the various technical-economic calculations. The rigorous technical 
work carried out using the PENTA analysis has been transferred into the more 
basic and user friendly methodological tools developed along with this thesis, 
named Bioenergy Techno-economic Analysis for Africa (BIOTA) and BIOTA-
EXAct, which incorporate Life cycle assessment analysis, and their general 
description has been developed in this chapter.  
9.2 Bioenergy Techno-economic Analysis 
for Africa (BIOTA) 
BIOTA (Bioenergy Techno-economical Analysis for Africa) was jointly developed 
by FAO (NRC division) and the National University of Colombia in Manizales. 
BIOTA provides an analysis of biofuel production costs based on the selection of 
parameters for agricultural crop production and biofuel processing, ranging from 
low to advanced technology/processing options. BIOTA has been developed in 
Visual Basic Environment (see Fig. 9-1).  
 
Fig. 9-1 Starting BIOTA 
 
BIOTA can be used to analyze different production scenarios in a simple form to 
understand the economic and social impacts from a bioenergy project in a previous 
selected country (see Fig. 9-2). The feedstock production cost is determined by 
analyzing existing production practices at the smallholder and commercial level 
and average prices at the farm gate in the country. The processing costs are 
determined by assessing both industrial and small scale conversion options from 
biomass to bioenergy for the feedstocks considered and the associated 
technologies and industrial set-up. Scenarios has been developed to determine the 
desired bioenergy production levels, what feedstock is to be used in the process 
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and who is to supply the feedstock (i.e. smallholders, large-commercial (estate) or 
a mix of both (outgrower scheme)).  
 
 
Fig. 9-2 Selection options in BIOTA 
 
Multiple scenarios can be compared in terms of both in terms of production cost 
and social benefits (e.g. smallholder inclusion). Defining which scenarios to analyze 
requires information on the existing situation in both the bioenergy sector and the 
agro-industry in general. The data requirements depend on the crops/feedstocks 
considered, including variety, yield, and cropping pattern. This data is then 
combined with literature and in-country knowledge in relation to feedstock 
production costs disaggregated into costs for: seeds, fertilizers, irrigation, labor, 
harvesting and post-harvest transportation. To evaluate the processing stages, 
configurations or systems were defined on the basis of the desired production 
capacity, feedstock chemical composition, and fuel type. To assess the 
technological capacity in the country, required data are the availability of technical 
skills necessary to support bioenergy processing operations, and both skilled and 
unskilled labor requirements. Regarding to the chemical composition of the 
bioenergy crop varieties, information required was: moisture, fiber, total 
carbohydrate, sugars, fats, starch, oil, ash, etc. In addition, information with 
reference to local conditions such as income tax, average salaries, and utility 
charges are needed. 
 
BIOTA software has two major sections namely, the liquid biofuel production 
analysis and the gaseous and solid biofuel production analysis. Since the analysis 
for each section is carried out independently and required different type of input 
information, independent results were generated. The two sections were structured 
based on technical requirements and particularities for each fuel type.  
9.2.1 Liquid Biofuel analysis 
In this section, analysis for the production of two main fuels (biodiesel and ethanol) 
was performed. This section consists of two sub-sections: agro-economic analysis 
and techno-economic analysis (see Fig. 9-3). 
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Fig. 9-3 Selection in liquid biofuel section 
 
The agro-economic portion of the analysis evaluated agro-economic aspects such 
as potential feedstock and specific cultivation production parameters to calculate 
the cost of feedstock production. In this section, it is possible to make an overall 
assessment on the feedstock production costs according to the country context 
and for specific crop. The feedstock production costs are fed to the techno-
economic section and then industrial conversion parameters are selected to 
generate the cost of biofuel production. In this section, different technologies can 
be selected, depending on either ethanol or biodiesel is being produced. 
The above mentioned calculations are performed using input information 
previously provided. On the first hand default values taken from country reports 
were provided. Alternatively, if information was not available, approximations from 
regional data can be used. The key parameters to start the analysis are the 
selection of available land, estimated crop production or estimated biofuel 
production. After that, a type of fuel biodiesel or ethanol needs to be selected. The 
choice of feedstock crops will be tailored to the chosen fuel type. The final step is 
the generation of the results of production costs. This methodology is summarized 
in Fig. 9-4. 
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Fig. 9-4 General decision tree in liquid biofuel section 
9.2.2  Gaseous and Solid Biofuel Analysis 
In this section is performed an analysis on biogas production and co-generation of 
heat and power from biomass residues obtained during agricultural, agro-
processing, forestry or wood processing activities. Residues may include sugar 
cane bagasse or seed cake from oil extraction, among others. In this assessment, 
the analysis starts with the selection of the residual material desired for analysis 
(see Fig.9-5). 
The next step requires entering the amount of available waste material. This is then 
followed by choosing the technology for processing of biomass to energy by co-
generation or biogas production. At the final stage results are generated for: 
Biogas Production, gas composition and volume, calorific value, wobbe index, 
and potential electric and thermal energy produced. Co-generation, electric and 
thermal energy generated, electric and thermal energy efficiency and fuel energy 
saving ratio (see Fig.9-6) 
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Fig. 9-5 Selection in gas and solid biofuel section 
 
 
Fig. 9-6 General decision tree in gas and solid biofuel section 
 
9.3 ExAct-BIOTA 
ExAct-BIOTA integrates two tools Ex-Act and BIOTA, in a joint effort of FAO and 
the National University of Colombia in Manizales (UNALMA). EX-ACT (Ex Ante 
Appraisal Carbon-balance Tool) was jointly developed by three FAO divisions: 
Policy and Programme Development Support Division (TCS) formerly Policy 
Assistance and Resource Mobilization Division (TCA), Investment Centre Division 
(TCI) and Agricultural Development Economics Division (ESA). The objective of the 
tool is to provide ex-ante estimations of the impact of agriculture and forestry 
development projects on GHG emissions and carbon sequestration, indicating its 
effects on the carbon balance (Cerri, Bernoux et al. 2010).   
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Fig. 9-7 Starting ExAct-BIOTA 
 
ExAct-BIOTA has been developed in Microsoft Excel, in order to integrate 
accurately Ex-Act and Biota. This tool calculate the GHG emissions generated 
during  the production chain of two biofuels (Ethanol and Biodiesel), including most 
of the main emissions sources present during its processing, which affects the final 
accounting of a biofuel. These calculations allow indentifying if a given biofuel 
(Biodiesel or Ethanol), produced with certain agricultural practices, industrial 
technologies and using different transport means (to move feedstocks and 
products) can reduce  the GHG emissions compared to conventional fossil fuels. 
Moreover, the tool is able to show directly how specific changes along the value 
chain can modify the total emissions accounting of a given biofuels, in order to 
obtain significant reduction levels in GHG emissions. This tool considers four 
general stages involved in the production of liquid biofuels (in this case Biodiesel 
and Ethanol) from agricultural crops feedstocks. In each stage different elements 
were considered in order to perform the calculations: 
9.3.1 Feedstock Production  
The different crops used as feedstocks for biofuels (sugar cane, cassava, oil palm, 
rapeseed, among others), requires different phases for their production including: 
crop planting, plant growth, harvesting, etc. All of these phases have different 
potentials to generate emissions by the different agricultural labors and practices, 
as well as potential to sequester carbon by effect of the natural respiration cycle of 
the plants. This tool calculates the GHG emissions generated by elements such as 
land use change, agrochemicals employed, and on farm infrastructure, during 
feedstock production (agronomic stage). The calculation of the emissions 
generated in this stage is performed taking into consideration the methodology and 
modules provided by Ex-ACT, according to the impact categories proposed by the 
IPCC (Intergovernmental Panel on Climate Change). These categories are 
organized in the following modules: Deforestation, afforestation, forest degradation, 
grasslands, annual crops, perennial crops, non forest OLUC, irrigated rice, 
livestocks, inputs and other investments. According to EX-Act's methodology, 
above modules must be used according to the land uses and the land use 
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changes, which will occur during a defined period of implementation and 
capitalization for the current project (Bernoux, Branca et al. 2010; Branca, Hissa et 
al. 2013). In addition three project scenarios must be established:  
a) Initial: Defines the current use of the land that will be converted for feedstock 
production. 
b) With project: In this case, it describes the area and the agronomic practices 
used in the production of the considered biofuel feedstock. 
c) Without project: In this scenario, an alternative use for the same area with 
project must be established. This use might include keep the initial land use 
(business as usual) or change the initial area to new alternative crops or even 
convert it to pasture lands for livestocks. 
 
Fig. 9-8 Feedstock's Ex-Act emissions analysis 
 
 
Fig. 9-9 Results of Emissions by Land Use Change in ExAct Module 
 
In the ExAct-BIOTA tool, a new interface has been created in order to make easier 
the establishment of the scenarios initial and without project (see Fig. 9-8). For the 
with project scenario, it was assumed that all the initial land is converted into the 
selected biofuel crop. Moreover, the new interface allows to include factors such as 
the amount of inputs (fertilizers, herbicides and pesticides), agricultural practices 
(Tillage, water management, nutrient management, etc) and other on farm 
investments (roads construction, fuel consumption, etc). Although, ExAct-BIOTA 
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tool has default values in each impact module, it has the possibility of modify 
specific parameters according to their own data, in order to calculate more 
accurate results. In this module results are represented according to the ExAct 
methodology (see Fig. 9-9).  
9.3.2 Biofuel processing  
Once the feedstock has been harvested and stored, it is available to be 
transformed into its corresponding biofuel (according to its containing of sugars, 
starch or oils). In this stage for each biofuel, medium level processing technologies 
are considered2. During the biofuel processing the emissions are generated by two 
main sources: 
Energy balances 
The industrial processing of a given feedstock to produce a biofuel requires 
different levels of energy as heating and electricity, which need to be provided from 
different external utility sources (boilers, engines, thermoelectric plants). Normally, 
there are employed different technologies for the external utility sources both for 
heating and electricity, and using fossil fuels (diesel, coal, gasoline, LPG). 
However, it is a common practice in the biofuel processing industry to use 
cogeneration systems fired with biomass residues. These cogeneration systems 
are able to satisfy simultaneously most of the total energy requirements of biofuel 
processing (heating and electricity). Consequently, lesser values of external fossil 
fuels are required. Therefore, the emissions due to energy consumption during 
biofuel processing are generated during the combustion of the fossil fuel and/or 
biomass employed in the external utility source (according to the selected 
technology) (see Fig.9-10). 
 
Fig. 9-10 Analysis of energy consumption obtained with ExAct-Biota 
 
Mass balances 
In the industrial stage of biofuels, there are also other direct GHG emissions 
sources generated during the production process, such as the CO2 emitted in 
sugars fermentation during Ethanol production. Normally, mass balance emissions 
are not considered by most of accounting methods, considering that they are 
                                            
 
2 This medium level technologies were chosen as the most appropriate according 
to techno-economic conditions of Africa, based on  previous analysis performed by 
BEFS (Bioenergy Food Security) project developed by FAO (NRC Division) 
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captured by the feedstock crop. The ExAct-BIOTA tool first calculates the values of 
heating and electricity consumptions based on the amount of feedstock processed 
and the industrial technologies selected for the biofuel processing. Then, the tool 
gives two options to calculate the GHG emissions: 1) Considering energy balance 
only; 2) Considering mass and energy balances. The selection of one or other 
option will depend on the global assumptions made regard to the carbon 
sequestration.  
 
Fig. 9-11 Results for industrial emissions 
 
Feedstock and Biofuel transport 
The transportation of feedstocks and products is an important feature of biofuel 
production, as long as different stages of its production are made in different 
geographic locations, they must be transported, for instance from field to factory 
(feedstock) and from factory to distribution point (Biofuel product). Therefore, in 
order to transport these goods different options are employed, according to the 
topographic conditions of the country, technologic level or availability. Different 
transport means such as trucks, rails, ocean ships or even pipelines are used for 
biofuels transportation. They are able to move different loads with different fuel 
efficiencies. This fact has an influence in the emissions generated in this stage.  
 
Fig. 9-12 Results for emissions by biofuel transportation 
 
In the ExAct-BIOTA tool the calculation of emissions generated during the 
transportation of feedstocks (field to factory) and products (factory to distribution 
point) are based on: a) Transport Selection, b) Distance transported and c) Load 
Transported. Above values are used along with the specific fuel efficiencies of each 
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transport mean  and the emission factor of the fuel used by each of them, to 
calculate the global value of this emissions. 
9.3.3 Final Biofuel use 
The Ethanol and biodiesel produced with above stages will be used at different 
blending levels as set different policy mandates around the world: 
Ethanol: E10 (Gasohol), E85 and E100 (Ethanol percentage in gasoline) 
Biodiesel: B2, B5, B10, B20 and B100 (Biodiesel percentage in Diesel fuel)  
The ExAct-BIOTA tool calculates the GHG emissions of biofuel use, based on the 
amount of fossil fuel replaced. In addition, the tool calculates the amount of 
blended fuel produced based on scenario, this information can help to assess the 
capacity of a country to meet target blending mandates required by legislations. 
 
Fig. 9-13 Results for emissions by biofuel usage 
 
Finally all results obtained in Exact-BIOTA are summarized in a report module. This 
section summarizes the life cycle assessment of a selected biofuel, using a 
selected production conditions and technologies (see Fig. 9-14). This report also 
summarized the inventory of all emissions generated o mitigated during whole life 
cycle of biofuel. 
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Fig. 9-14 Report sampel obtained with ExAct-BIOTA 
9.4 Impacts of developed tools 
The developed tools has been used by FAO  as part of its Bioenergy and Food 
Security (BEFS) project in order to define the most suitable bioenergy processing 
technologies in Tanzania and Peru. The assessment covered three areas: (1) the 
availability of the human skills that are necessary to support biofuel production; (2) 
access to services and technologies in the local markets, and (3) access to 
processing inputs for the operating biofuel plants. Based on these criteria, three 
technology options with different levels of complexity were identified for the 
processing stages (Beall, Cadoni et al. 2012). The results highlighted the 
importance of technology transfer and local capacity building for the long-term 
sustainability of the national biofuel industry (FAO 2010). In Peru, the analysis 
included nine biofuel production scenarios (from sugar cane, palm oil, and 
jatropha). The analysis that was conducted by the FAOs BEFS project, aimed to 
assess the competitiveness if a portion of the biofuel industry with part of the 
feedstock supplied by smallholders. The results suggested that including 
smallholders in the supply chain can, under some conditions, be competitive with 
liquid biofuel production systems that are purely large scale-based. However, there 
is a need to strengthen smallholders’bargaining power in order to put them in a 
condition to benefit from bioenergy development (FAO 2010; Quintero, Felix et al. 
2012).  
The objective of BIOTA is to provide a first hand analysis on biofuel production cost 
based on selection of pre-established parameters on agricultural crop production 
and biofuel processing.  The use of BIOTA is aimed at a more general audience. In 
particular the tool can be used by government officials analyzing biofuel production 
projects. For example in the case of Tanzania, this tool was used by the Tanzania 
Investment Centre as part of the One Stop Shop initiative or by professionals in the 
Ministry of Energy working on biofuel policy development programs. Additionally 
different production scenarios can be analyzed in a simple form to understand the 
economical and social impacts from any bioenergy project. 
9.4.1 Tool Under development 
At the moment is being developed a new tool addressed to perform environmental 
assessments of biofuel projects in a comprehensive way. This tool according to 
information provided by the user regarding to production requirements, project 
location and energy consumption, will be able to calculate GHG emissions during 
the life cycle of project, as well as potential environmental impacts (PEI) associated 
generated during the processing. The databases of this tool are being constructed 
based on emissions values reported by IPCC, ago-economic parameters reported 
for Colombia, and impact potential reported by EPA. This tool will use mostly 
default values for Colombia, although it can be extended to different parts around 
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the world providing specific factors. Thus, this tool will allow to perform quick 
estimations of the environmental impact on the project in a given location.  
9.5 Final Remarks 
One of the most generalized conceptions of biofuels is that all the CO2 emitted in 
their combustion, because their use in fuel blends, it is captured by the crops 
(sugar cane, cassava, oil palm, jatropha, etc) used as feedstocks. Based on above 
assumption most of the times biofuels are promoted as fuels with net zero carbon 
footprint (carbon neutrality). However, the whole value chain of biofuels is affected 
by other emissions sources and other GHG (Green House Gases) emissions, 
which can modify the total emission accounting of a biofuel. Therefore, if the 
carbon sequestration by the biofuel feedstocks crops is promoted as part of the 
benefits of biofuels; the emissions generated during its whole value chain should 
be also included in the global emission accounting. Thus, in order to obtain reliable 
estimations of the emissions generated by biofuels, the most significant emissions 
sources should be included, as well as all the elements that allows a carbon 
sequestration (Biomass and soil capture, changes in agricultural practices or 
improvements in technology to reduce energy consumption during biofuel 
processing, etc). Above approach, it is considered by the most of modern 
emissions accounting methods of biofuels and because of that, today in the 
scientific community is better accepted talk about emissions reduction respect to 
fossil fuels rather than carbon neutrality for biofuels (e.g. Targets of 35% in 
emissions reduction of UE). 
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CHAPTER 10 CONCLUSIONS 
AND RECOMMENDATIONS 
________________________________________________________________ 
10. Conclusions 
Colombia as a tropical country has the potential to produce multiple oleochemical 
feedstocks including edible vegetable oils, non edible vegetable oils and animal 
fats. However, the oleochemical industry in this country is based in a small range 
of feedstocks. In this thesis, five oleochemical feedstocks were selected according 
to comparative criteria of national availability, potential oleochemical derivatives, 
projected expansion, Impact on food security and land requirements. This allows 
obtaining oil palm, maize, jatropha, castorbean, and microalgae as promissory 
feedstocks to be used as the base of Colombian oleochemical industry. In this 
sense, his thesis has shown how these oleochemical feedstocks can be used to 
increase, the national biodiesel production and how under biorefineries 
configurations is possible to obtain high production rates of other important added 
value products. Thus, this configuration allows creating high profitability 
configurations where individual processes are supported, provided with feedstocks 
and also economically subsidized. This increase on economic sustainability has an 
effect on the overall competitivity of oleochemical industries based on these kinds 
feedstocks.  
 
In this work was also confirmed how mass and heat integration technologies are 
important for the sustainability of biorefineries. In this sense, the use of these 
methodologies has allowed obtaining reductions on external consumption rates of 
reagents and fossil fuel required for utilities. Thus, reductions of external 
requirements have firstly, economic effects (lower production costs), but also it has 
an environmental benefit trough the reductions on GHG and toxic loads emissions. 
Along this lines during this thesis work, biomass fired cogeneration systems were 
studied and included within the biorefinery analysis. The inclusion of cogeneration 
systems allowed to provide the heat and power requirements of those biorefineries 
where extraction residues were available for this application. These biomass fired 
cogeneration systems were also improved by changing the primary heating source 
from combustion systems to gasification systems. This change on the 
termochemical route allowed obtaining syngas, which has a higher calorific value 
as fuel, but also is raw material for different applications such as methanol 
production. Thus, under the considerations of this work instead of just burning 
biomass residues, these were valorized to obtain additional feedstock required in 
biodiesel production and the gas used as fuel the cogeneration system. 
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A common feature found in the biorefinery configurations for all considered 
feedstocks was the high influence of raw material costs in total production costs. 
This particular cost was decomposed and analyzed, verifying the stated on 
literature: the oleochemical feedstocks are the main weight factor affecting raw 
material costs. In this sense, this thesis considered a social alternative to reduce 
this production cost. Thus, in chapters 5 and 7 was discussed how potential 
association of smallholders and commercial producers would help to reduce 
feedstocks costs avoiding the participation of middlemen by paying ex-factory 
prices for feedstocks. Moreover, if these associations are extended to include the 
production of oleochemical derivatives higher reductions can be achieved. Based 
on above concept, it can be stated that the direct participation of associations of 
smallholders and commercial producers into the oleochemical industry would be 
beneficial for all parts. Commercial scale producers have access to additional 
productions of smallholders increasing their participation in the market. Conversely, 
smallholders are supported to increase their production conditions (e.g better 
varieties, fertilizers, irrigation, etc.) in order to meet the quality standards for the 
product and with a stable market. The social benefits of this alternative are not only 
related to job generation but also with food security. The access to better 
production conditions and stable markets for smallholders helps to rural 
development and brings them a financial security which allowed has access to 
more and better food than is only planted in their own farms. 
 
In the world, the evolution of biodiesel demand influences the global market of 
edible feedstocks, affecting their commercial prices and availability and 
consequently food security. Currently, the Colombian biodiesel industry is based 
on palm oil, and from an economic point of view, this alternative is an acceptable 
option. However, the expansion on biodiesel demand in Colombia based only on 
palm oil might generate instabilities for food industry, derived of prices changes, 
and shortages in supply both for biodiesel and food industries. In addition, given 
the period required for new oil palm plantation reach a stable production rate, it 
might be possible that blending targets in Colombia cannot be achieved in the mid-
term. Consequently, it is necessary to relax the current blending targets in 
Colombia, in order to stop attending only policy requirements, instead of be defined 
according to real production possibilities of palm oil industry in Colombia. In the 
long-term, it is also required to consider non-edible alternative feedstocks such as 
jatropha and microalgae, allowing a sustainable economic and environmental 
biodiesel production.  
 
The world bioenergy tendencies are focused on the extensive usage of biofuels 
due to the environmental and political benefits, although the optimal specific-
location expansion conditions should also be considered in order to make an smart 
expansion of this industry. In this thesis, the supply chain of palm biodiesel was 
studied taking into account the minimum emissions, minimum costs and logistics 
considerations. The analysis, linked to LUC criteria, showed that the best option 
based on the economic performance contrasts to LUC results and logistics 
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parameters. The biodiesel palm-based industry requires large land extension, but 
the most economical promising regions precisely are the zone close to native 
forest, where the ecosystems and biodiversity would be highly affected by an 
expansion. The results from this work indicated that the B20 target to 2012 can be 
reached via an specific conditions of palm oil expansion and supply chain 
establishment. Under these conditions is possible obtaining the minimal costs, 
reduced environmental emissions, added with and adequate land use strategy 
could be reduced the LUC effects.  
 
In Colombia Maize industry is mostly addressed to animal feed production rather 
than for human consumption. However, in order to reduce the dependence of 
foreign maize importations it is important to develop economically sustainable 
alternatives. In this thesis, it was proposed a biorefinery configuration able to 
produce ethanol, biodiesel and continue generating animal feed as DDGS. This 
kind of configuration would have an important effect on Colombian maize industry, 
increasing the economic sustainability with a low-impact change in the current 
production model. 
 
Three promising oleochemical feedstocks were considered in this thesis (i.e. 
jatropha, castorbean and microalgae) although their results regarding to adaption 
and production in Colombia are promising, there are still uncertainties related to 
marketing and commercial values. In this sense, it is necessary to provide 
alternatives for a sustainable industrial use which provide the stable market for 
complete development of this industry. Thus, the multiproduct biorefineries 
developed for this thesis provide these alternatives, being economically attractive 
and with low environmental impacts. These features might provide to biorefineries 
based on non edible feedstock the necessary resilience and strength to face 
above-mentioned uncertainties.  
 
Parallel to this work, two tools (BIOTA and ExACT-BIOTA) for biodiesel and 
ethanol production assessment were developed aimed to provide information, 
regarding to techno-economical aspects and environmental aspects of their life 
cycles, including agronomic production, industrial processing and final use. Thus, 
these tools are practical alternatives to transfer high level process engineering 
knowledge to no-expertise user, allowing also to policy makers to take strategic 
decisions for the development of biofuel industry in their countries. Indeed, these 
tools were useful to support the development of Bioenergy Food Security Project 
developed by FAO in Peru and Tanzania.  
10.1 Recommendations 
 Biodiesel production targets in Colombia during the short-term should be 
reformulated based on estimations of palm oil production and expansion. In 
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long-term the biodiesel production should be complemented with jatropha 
and microalgae, in order to meet expansion targets in a sustainable way.  
 
 Palm oil as the most important oleochemical feedstock in Colombia should 
perfom its expansion considering the environmental effects in emissions by 
the land-use change. Moreover, palm oil industry should include food 
applications as priority or change production configuration, in order to be 
able to supply food and fuel industries. 
 
 The role of cogeneration should start to be considered in more extensively 
in Colombia not only for oleochemical industry but also for general agro-
industry. In this sense, it can be followed the example established by sugar 
cane industry, where the usage of cogeneration systems as part of agro-
industrial sites would produce important net energy savings and production 
costs reductions. 
 
 The maize agro-industry in Colombia should continue with policies aimed  to 
strength this sector such "Plan Pais Maiz". In this sense, it must be 
considered from an agronomic point of view incorporate strategies to 
develop maize industry as the supplier of food, feed and industry. Moreover, 
supplemental developments for the industrialization of maize (i.e Biofuels) 
should be considered, in order to provide additional market alternatives to 
maize producers. 
 
 It is also important to develop individual prospective analysis for those 
feedstocks no considered in this work, in order to perform a careful analysis 
under the conditions required for its expansion in Colombia. All this aimed to 
reduce foreign importations of oilseeds feedstocks such as sunflower and 
rapeseed, and promote the rural development trough the plantation of this 
crops in Colombia. In this sense, the analysis performed for this thesis could 
be extended to this feedstocks in order increase their profitability, and the 
number of products obtained. Thus, the market would be affected by this 
change with potential prices reductions, benefiting also the final consumer. 
Under this scheme, the current installed refining plants might continue 
participating by improving their production configuration towards more 
efficient biorefineries. 
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